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RESUMO 
 
Formigas cultivadoras de fungo (Formicidae, Myrmicinae, Attini, Attina) representam um 
exemplo de mutualismo: as formigas cultivam no interior de seus ninhos um fungo simbionte para 
obtenção de recursos nutricionais para a colônia e, em troca fornecem ao fungo nutrição, dispersão 
e proteção contra parasitas e competidores. Adicionalmente, essas formigas apresentam 
interações com microrganismos que podem afetar o mutualismo formiga-fungo. Através de uma 
abordagem multidisciplinar, esse trabalho teve como objetivo principal estudar a história natural, 
comportamento e a comunidade bacteriana associada a cinco espécies de formigas cultivadoras 
de fungo da Mata Atlântica: Mycocepurus smithii, Mycetarotes parallelus, Mycetophylax 
morschi, Sericomyrmex parvulus e Sericomyrmex saussurei. Essas formigas apresentam ninhos 
no solo, com poucas câmaras e não muito profundas. Em geral, o ritmo diário de atividade dessas 
espécies é diurno. As operárias coletam principalmente fezes de artrópodes e material vegetal 
para cultivar o fungo simbionte. Em campo, foi registrado pela primeira vez para as formigas 
atíneas o comportamento de cleptobiose, no qual Mycetarotes parallelus rouba itens (fezes de 
artrópodes) para a fungicultura diretamente das mandíbulas de operárias de Mycetophylax 
morschi, quando estas retornam ao ninho. Esse comportamento pode ser considerado uma forma 
de competição por interferência, com custos para Mycetophylax morschi e benefícios para 
Mycetarotes parallelus. No capítulo de comunidade de bactérias associadas às atíneas estudadas 
observamos que a composição das comunidades bacterianas foi diferente entre as espécies, 
indicando provavelmente um efeito do hospedeiro nessas comunidades. Houve também 
diferenças na composição das comunidades bacterianas entre ninhos de uma mesma espécie, 
mostrando que a comunidade bacteriana associada pode ser ninho-específico. Esses resultados 
evidenciam uma variação intra e interespecífica nas comunidades bacterianas dessas espécies. 
Finalmente, observações com colônias cativas revelaram que comportamentos relacionados ao 
“cuidado do fungo”, “autolimpeza”, “locomoção” e “inatividade” foram os mais praticados por 
essas formigas no interior do ninho. Além disso, as categorias comportamentais relacionadas ao 
“cuidado do fungo”, “interação entre operárias”, “cuidado com a prole” e “interações com 
operárias mortas” influenciaram na composição da comunidade bacteriana das atíneas estudadas. 
Esse resultado indica que a comunidade bacteriana associada às formigas cultivadoras de fungo 
pode ser mediada por comportamentos desempenhados no interior da colônia. Esse trabalho reúne 
informações sobre vários aspectos biológicos (história natural, ecologia, comportamento e 
interação com microrganismos) das formigas atíneas. Numa perspectiva mais ampla, esse 
trabalho contribui para um melhor entendimento da relação simbiótica multitrófica que essas 
formigas participam, fornecendo também importantes informações de campo sobre o papel 
ecológico destas formigas em Mata Atlântica.  
 
 
 
ABSTRACT 
 
Fungus-farming ants (Formicidae, Myrmicinae, Attini, Attina) represent an example of 
mutualism: the ants cultivate inside their nests a symbiont fungus to obtain nutritional resources 
for the colony and in return the ants provide the fungus with nourishment, dispersal, and 
protection against parasites and competitors. Additionally, these ants have interaction with 
microorganisms, which may affect the ant-fungus mutualism. Using a multidisciplinary approach, 
this study investigates the natural history, behavior, and associated bacterial community of five 
species of fungus-farming ants from Atlantic rainforest: Mycocepurus smithii, Mycetarotes 
parallelus, Mycetophylax morschi, Sericomyrmex parvulus and Sericomyrmex saussurei. These 
ants nest in the soil and their nests have few shallow chambers. In general, the daily activity 
schedule is diurnal and the ants collect mainly arthropod feces and vegetal matter to cultivate the 
symbiont fungus. In the field, the behavior of cleptobiosis was recorded for the first time in attine 
ants. Mycetarotes parallelus steals items (arthropod feces) for fungiculture directly from the 
mandibles of returning foragers of Mycetophylax morschi. This behavior can be considered a form 
of interference competition, with costs for Mycetophylax morschi and benefits for Mycetarotes 
parallelus. The chapter of bacterial community associated with attine ants, we observed that the 
composition of associated bacterial communities differed among the species, probably indicating 
a host effect in these communities. There were also differences in the composition of bacterial 
communities among nests of the same species, which shows that the bacterial community may be 
nest-specific. These results highlight an intra and interspecific variation in the bacterial 
community of these species. Finally, observations with captive colonies revealed that behaviors 
related to “fungus care”, “self-cleaning”, “locomotion” and “inactivity” were the most frequently 
performed by workers inside the nest. Furthermore, behavioral categories related to “fungus care”, 
“interaction between workers”, “brood care” and “interactions with dead workers” mediated the 
composition of bacterial community in these attine ants. This result indicates that the bacterial 
community associated with fungus-farming ants can be mediated by behaviors performed by 
workers inside the colony. This work brings together information on several biological aspects 
(natural history, ecology, behavior, and interaction with microorganisms) of attine ants. In a 
broader perspective, this work contributes to a better understanding of the multitrophic symbiosis 
involving fungus-farming ants and provides important field data about their ecological role in the 
threatened Atlantic rainforest.  
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INTRODUÇÃO GERAL 
 
Interações simbióticas são amplamente distribuídas, diversificadas e com influência 
direta na evolução dos organismos envolvidos nessas interações (Boucher et al. 1982, Herre et 
al. 1999). Em formigas, uma simbiose especializada ocorre entre as formigas da subtribo Attina 
(Formicidae, Myrmicinae, Attini – daqui em diante “atíneas”) e o fungo simbionte que cultivam 
no interior de seus ninhos. Essas formigas são conhecidas como “formigas cultivadoras de 
fungo” e apresentam essa relação mutualística, na qual as formigas dependem do cultivo do 
fungo para obtenção de recursos nutricionais para a colônia e em troca fornecem ao fungo 
nutrição, dispersão e proteção contra parasitas e competidores (Currie et al. 2003, Mehdiabadi 
e Schultz 2009).  
Todas as atíneas são cultivadoras de fungo e a domesticação do fungo por essas 
formigas teve uma origem única entre 55 e 65 milhões de anos atrás, em florestas da América 
do Sul (Schultz e Brady 2008, Branstetter et al. 2017). Esse grupo é monofilético, exclusivo 
dos Neotrópicos, e apresenta aproximadamente 250 espécies descritas em 16 gêneros válidos 
(Bolton 2014, Ward et al. 2015). Formigas cultivadoras de fungo são divididas em dois clados: 
o clado Paleoattina e o clado Neoattina, de acordo com o nível de complexidade de suas 
interações com o fungo simbionte (Sosa-Calvo et al. 2017).  
A relação mutualística entre as formigas atíneas e o fungo simbionte é importante 
sob a perspectiva evolutiva, uma vez que algumas características ecológicas e comportamentais 
dessas formigas (e.g. tamanho da colônia, estrutura do ninho, polimorfismo nas operárias, 
substratos utilizados para o cultivo do fungo) podem variar entre os gêneros (Mehdiabadi and 
Schultz 2009, Ness et al. 2010, Hölldobler and Wilson 2011). Assim, o conhecimento dessas 
características é importante para o entendimento dos processos evolutivos que levaram às 
síndromes derivadas do grupo (Hölldobler e Wilson 2011). 
O clado das neoatíneas inclui os gêneros mais derivados do grupo, Acromyrmex e 
Atta. Essas formigas são amplamente conhecidas devido ao seu comportamento de corte de 
folhas frescas para o cultivo do fungo simbionte (Hölldobler e Wilson 2011). Além disso, 
apresentam características ecológicas e comportamentais únicas no grupo, tais como colônias 
muito populosas, ninhos com inúmeras e profundas câmaras, operárias com polimorfismo e 
trabalho dentro e fora da colônia dividido de acordo com as subcastas de operárias. Além disso, 
o uso de material vegetal fresco para o cultivo do fungo simbionte é uma das características 
principais de Acromyrmex e Atta (Wilson 1980, Mehdiabadi e Schultz 2009, Hölldobler e 
Wilson 2011). 
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Os demais gêneros de paleoatíneas e neoatíneas em geral apresentam colônias 
pequenas a médias, com uma ou poucas câmaras pouco profundas (Mueller e Wcislo 1998, 
Klingenberg et al. 2007, Hölldobler e Wilson 2011). É sugerido que essas formigas sejam 
oportunistas quanto ao substrato utilizado para o cultivo do fungo, pois utilizam uma variedade 
de substratos disponíveis no ambiente, tais como fezes e carcaças de insetos, material vegetal 
em decomposição e algumas vezes são vistas coletando frutos, sementes e flores caídos no solo 
(Leal e Oliveira 1998, 2000, De Fine Licht e Boomsma 2010, Hölldobler e Wilson 2011, 
Ješovnik et al. 2018). Eventualmente espécies dos gêneros Trachymyrmex e Sericomyrmex 
cortam folhas e flores para o cultivo do fungo simbionte (Weber 1972, Leal e Oliveira 2000, 
Seal e Tschinkel 2008). Essas formigas apresentam um comportamento discreto e inconspícuo, 
se movem lentamente e, quando perturbadas, ficam paradas (Weber, 1972, Fernández-Marín et 
al. 2005, Hölldobler e Wilson 2011). As operárias desses gêneros não exibem diferença na 
morfologia externa dentro da mesma colônia (não ocorre polimorfismo) e a divisão do trabalho 
pode ocorrer por diferença de idade (polietismo de idade ou temporal; veja Murakami e Higashi 
1997, Hölldobler e Wilson 2011).  
Além das características ecológicas e comportamentais, as interações com 
microrganismos também são importantes para o entendimento da evolução das atíneas. Essas 
formigas vivem em uma simbiose multitrófica complexa, na qual a história evolutiva não está 
relacionada apenas com o fungo que cultivam no interior de seus ninhos, mas também a fungos 
parasitas (o principal é do gênero Escovopsis) e a bactérias associadas às formigas e ao jardim 
de fungo (Currie et al. 2003, Little e Currie 2007, Schultz e Brady 2008). O fungo parasita pode 
devastar o jardim de fungo e consequentemente toda a colônia. Entretanto, foi descoberto que 
algumas bactérias (principalmente Actinobacteria) associadas às formigas e ao jardim de fungo 
são capazes de produzir compostos que inibem o crescimento do fungo parasita (Currie et al. 
2003, Kost et al. 2007, Mueller et al. 2008). Podemos dizer que essas formigas apresentam uma 
relação simbiótica entre três mutualistas (formiga – jardim de fungo – bactérias) e um parasita 
(fungo patogênico Escovopsis) (Currie et al. 2003, Schultz e Brady 2008).  
Diante da abundância e diversidade das comunidades microbianas é esperado que 
as formigas e o jardim de fungo apresentem associações com microrganismos. Dependendo do 
nicho que ocupam no hospedeiro, esses microrganismos podem ser simbiontes, comensais ou 
parasitas, ou até mesmo não desenvolver nenhuma função específica, sendo apenas organismos 
transientes oriundos do meio ambiente (Van Borm et al. 2002). Além disso, essa simbiose é 
continuamente exposta aos microrganismos do meio ambiente, que podem adentrar os ninhos 
associados às operárias forrageiras e aos itens coletados para o cultivo do fungo (Currie 2001). 
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No interior dos ninhos, há uma contínua troca de microrganismos entre os indivíduos, uma vez 
que essas formigas são insetos sociais que dividem o alimento e o espaço em que vivem (Archie 
e Tung 2015).  
Há evidências que a microbiota das atíneas seja hospedeiro-específica, o que sugere 
que essas formigas possuam mecanismos capazes de controlar a comunidade bacteriana 
associada (Cafaro et al. 2011, Kellner et al. 2015), além de ser um provável mecanismo que 
previne a colonização por microrganismos patogênicos (Dillon e Dillon 2004). Os 
comportamentos sociais comuns desempenhados no interior da colônia, como lamber e 
grooming, removem fisicamente microrganismos do jardim de fungo e da superfície corpórea 
dos indivíduos (Currie e Stuart 2001, Hughes et al. 2002, Fernández-Marín et al. 2009, Richard 
and Errard 2009, Walker e Hughes 2009). Foi observado em Atta colombica Guérin-Méneville 
1844 que a limpeza do próprio corpo, do corpo das companheiras e do fungo diminuiu o risco 
de infecção por microrganismos parasitas da colônia (Currie e Stuart 2001). Assim, 
comportamentos de higiene frequentemente observados nas atíneas favoreceram o sucesso 
evolutivo do grupo, pois o risco de morte da colônia por infecção diminui (Hughes et al. 2002, 
Richard e Errard 2009).  
Entretanto, muitas vezes esses microrganismos associados não são patogênicos e 
podem desempenhar papéis importantes no mutualismo entre formigas e o fungo simbionte, 
tais como defesas contra infecções de patógenos e parasitas (Kaltenpoth 2009), degradação ou 
síntese de substâncias importantes para a nutrição (Kellner et al. 2015), higiene do ninho (Currie 
2001) e degradação de biomassa no jardim de fungo (Aylward et al. 2012). Dessa forma, 
estudos que buscam conhecer a comunidade microbiana associada a essas formigas e ao jardim 
de fungo constituem o primeiro passo para se entender a funcionalidade desses microrganismos 
nessa simbiose multitrófica.   
A história de vida das formigas cultivadoras de fungo está intimamente relacionada 
às suas associações simbióticas, o que faz surgir diversas perguntas ecológicas e evolutivas 
sobre essas formigas e suas interações. Ainda há muito que ser investigado sobre diferentes 
aspectos biológicos das atíneas, tais como a história natural de diversas espécies, o 
comportamento no interior das colônias e a relação com o jardim de fungo, as interações 
interespecíficas com os microrganismos associados às formigas e ao jardim de fungo, dentre 
outros. Através de uma abordagem multidisciplinar, o objetivo principal desse trabalho foi 
investigar a história natural, comportamento e a comunidade bacteriana associada de espécies 
de formigas cultivadoras de fungo da Mata Atlântica. As espécies desse estudo são: 
Mycocepurus smithii (Forel 1893), Mycetarotes parallelus (Emery 1906), Mycetophylax 
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morschi (Emery 1888), Sericomyrmex parvulus Forel 1912 e Sericomyrmex saussurei Emery 
1894 (Figura 1).     
Objetivos gerais 
(1) Investigar qualitativa e quantitativamente aspectos da história natural das cinco 
espécies de estudo.  
(2) Descrever o raro comportamento de cleptobiose entre duas espécies de formigas 
cultivadoras de fungo, Mycetarotes parallelus e Mycetophylax morschi.  
(3) Em laboratório, utilizando colônias cativas, descrever os atos comportamentais 
e quantificá-los em etogramas padronizados para cada espécie. 
(4) Caracterizar a riqueza, diversidade e composição da comunidade bacteriana 
associada a cada uma das cinco espécies de estudo. 
(5) Analisar se os comportamentos observados em laboratório influenciam na 
composição da comunidade bacteriana associada a cada uma das cinco espécies de formigas 
cultivadoras de fungo. 
 
 A tese apresenta três grandes frentes de investigação:  história natural de 
formigas cultivadoras de fungo em campo (Capítulos 1 e 2), ecologia microbiana de formigas 
cultivadoras de fungo (Capítulo 3), comportamento das formigas e seu efeito na comunidade 
de bactérias associadas (Capítulo 4). O Capítulo 1 apresenta informações sobre a história 
natural e ecologia das cinco espécies de formigas cultivadoras de fungo, tais como 
comportamento de nidificação, demografia das colônias, padrões de atividades diários, 
comportamentos de forrageamento e os substratos coletados para a fungicultura. O Capítulo 2 
descreve o primeiro registro do comportamento de cleptobiose em formigas atíneas. São 
discutidos possíveis custos e benefícios desse comportamento para as espécies envolvidas, bem 
como a evolução desse comportamento em atíneas. O Capítulo 3 aborda a ecologia microbiana 
das cinco espécies de formigas, apresentando a riqueza e diversidade das bactérias associadas 
a essas formigas, bem como a composição da comunidade bacteriana. Foi investigado nesse 
capítulo se as comunidades bacterianas dessas formigas são espécie-específicas, se há diferença 
da microbiota entre as formigas forrageadoras e aquelas que permanecem dentro do ninho e se 
há variação intra e interspecífica na microbiota associada às formigas. Finalmente, o Capítulo 
4 descreve todos os comportamentos executados pelas cinco espécies de formigas cultivadoras 
de fungo em colônias cativas, a fim de investigar como ocorre a organização social dentro das 
colônias dessas espécies. Além disso, nesse capítulo foi investigado se os comportamentos 
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sociais desenvolvidos no interior da colônia influenciam a composição das comunidades 
bacterianas associadas a essas formigas.  
 
 
 
Figura 1. Operárias das cinco espécies de formigas cultivadoras de fungo desse estudo: (a) 
Mycocepurus smithii, (b) Mycetarotes parallelus, (c) Mycetophylax morschi, (d) Sericomyrmex 
parvulus, (e) Sericomyrmex saussurei. Colônias coletadas no Parque Estadual Serra do Mar 
(Núcleo Picinguaba), Ubatuba, São Paulo. 
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Abstract 
 
Ants in the subtribe Attina belong to a monophyletic group, exclusive to the New World, and 
contains approximately 250 species described. They are characterized by having a mutualistic 
relationship with the fungus that they cultivate inside the nest as food source. The present study 
provides a natural history and ecological account of five species of fungus-farming ants: 
Mycocepurus smithii, Mycetarotes parallelus, Mycetophylax morschi, Sericomyrmex parvulus 
and Sericomyrmex saussurei, in the Brazilian Atlantic rainforest. Specifically, we investigated 
nesting and foraging behavior, daily activity rhythms, and identified the substrates collected for 
fungiculture. All nests of the five fungus-grower species consist of chambers excavated in the 
soil. The external appearance varies from inconspicuous holes on the floor to entrances 
surrounded by mounds of excavated soil pallets. Nest chambers are distributed from ≈ 5 to 50 
cm below the ground surface. Sericomyrmex saussurei presented the most populous colonies 
(up to 1000 workers), whereas the other four species had small to medium size colonies (50 to 
600 workers). Sericomyrmex saussurei was mainly nocturnal, Mycetophylax morschi was 
active all day, and the other species had diurnal activity. Daily activity rhythms were affected 
by temperature and humidity. All species foraged exclusively on the ground and near their nests. 
All five species collected substrates of animal origin (mainly arthropod feces) and vegetal 
matter (e.g. fragments of flowers and leaves, wood, leaflets, and fruits) to cultivate their fungus 
garden. This study adds to our knowledge of the natural history of fungus-farming ants in 
Atlantic rainforest. Data on basic biological features of these ants help to better understand the 
mutualistic relationship with the symbiont fungus and increases our knowledge of their role in 
this threatened biome. 
 
Key words: Attine ants, Atlantic rainforest, nesting biology, colony size, daily activity, 
foraging behavior. 
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Introduction 
Fungus-farming ants (Formicidae, Myrmicinae, Attini, Attina; hereafter “attines”) 
represent a classical example of mutualism: inside their nests they cultivate fungus, which 
serves as food source for the colony and in return the ants provide the fungus with nourishment, 
dispersal to new locations, and an environment free of parasites and competition (Hölldobler 
and Wilson 2011). All attine ants are fungus growers and the domestication of the fungus by 
these ants has a single origin in South American forests 55 to 65 million years ago (Schultz and 
Brady 2008, Branstetter et al. 2017). This group is monophyletic, with approximately 250 
species described in 15 valid genera (Bolton 2014, Ward et al. 2015), and occurs exclusively in 
the New World (Mayhé-Nunes and Jaffé 1998, Schultz and Brady 2008).  
Attines are divided in two clades: the clade of Paleoattina and the clade of Neoattina 
(Sosa-Calvo et al. 2017). The Neoattina includes, among other genera, the highly derived attine 
genera Acromyrmex and Atta, known as “leaf-cutter ants” due their behavior of cutting fresh 
leaves to cultivate their fungus garden (Hölldobler and Wilson 2011). Leaf-cutters are the most 
studied group within the attine ants, mainly because they are considered as the dominant 
herbivores of the Neotropics (Hölldobler and Wilson 2011), one of the most important 
agricultural pests in Neotropical America (Della Lucia et al. 2013), important ecosystem 
engineers (Sternberg et al. 2007, Farji-Brener and Illes 2000, Corrêa et al. 2010), and secondary 
seed dispersers in forests and savannas (Leal and Oliveira 1998, Silva et al. 2007, Christianini 
and Oliveira 2009). Acromyrmex and Atta have the most derived characteristics within fungus-
farming ants: densely populated nests with many chambers (e.g. Atta nests could have hundreds 
of subterranean chambers), worker polymorphism, and the use of fresh plant material as 
substrate for fungiculture (Wilson 1980, Mehdiabadi and Schultz 2009, Hölldobler and Wilson 
2011). 
The other attine genera, from Paleottina and Neottina clades, are less studied 
probably due their small size, discrete behavior and inconspicuous nests (Weber, 1972, 
Fernández-Marín et al. 2005, Hölldobler and Wilson 2011). Differently from leaf-cutters, these 
ants usually do not present polymorphism, have small to medium colonies (tens to hundreds of 
workers), and their nests have one or a few chambers (Mueller and Wcislo 1998, Klingenberg 
et al. 2007, Hölldobler and Wilson 2011). In addition, the non-leaf-cutters generally use 
arthropods feces, plant detritus, insect corpses, and fresh plant parts (e.g. seeds, flowers, fruit 
pulp) to cultivate the symbiont fungus (Leal and Oliveira 1998, 2000, Mehdiabadi and Schultz 
2009, De Fine Licht and Boomsma 2010, Hölldobler and Wilson 2011). Occasionally, 
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Trachymyrmex and Sericomyrmex can also harvest fresh leaves and flowers (Weber 1972, Leal 
and Oliveira 2000, Seal and Tschinkel 2008).   
Although non-leaf-cutters comprise most of the species of fungus-farming ants, 
only few species have been investigated in greater detail about their natural history and ecology 
(Leal and Oliveira 2000, Solomon et al. 2004, Rabeling et al. 2007, Mehdiabadi and Schultz 
2009, Ješovnik et al. 2018). Biological and ecological traits (i.e., colony size, nest structure, 
polymorphism, types of substrates used for fungus cultivation) are important to understand the 
evolutionary processes that led to the derived characteristics within the group (Hölldobler and 
Wilson 2011), and these traits may vary across the ant genera (Mehdiabadi and Schultz 2009, 
Ness et al. 2010, Hölldobler and Wilson 2011). Additionally, basic data on field biology of non-
leaf-cutter species can provide insights about the evolution of fungiculture in the attine ants 
(Mueller et al. 2001, Fernández-Marín et al. 2005). The present study provides a natural history 
and ecological account of five species of fungus-farming ants (non-leaf-cutters) in the Atlantic 
rainforest: Mycocepurus smithii (Forel 1893), Mycetarotes parallelus (Emery 1906), 
Mycetophylax morschi (Emery 1888), Sericomyrmex parvulus Forel 1912 and Sericomyrmex 
saussurei Emery 1894. Specifically, we present qualitative and quantitative field data on these 
ants with respect to nesting and foraging behavior, daily activity rhythms, and identify the 
substrates collected for fungiculture. 
 
Material and methods 
 
Study site 
 We carried out this study from March to June 2015 and in May 2016, in the 
Atlantic rainforest areas at the “Parque Estadual Serra do Mar - Núcleo Picinguaba”, Ubatuba 
municipality, São Paulo State, Southeast Brazil. This area has several ecosystems such sand 
dunes, sandy plain forest (“restinga” forest), lowland forest and marine environment (Joly et al. 
2008). The mean annual rainfall is 2624 mm and the annual average temperature is 21.2°C, 
with relative air humidity always exceeding 80%, and with rains throughout the year (San 
Martin-Gajardo and Morellato 2003). The fungus-farming ants’ nests were located in two 
different areas: (1) Lowland forest (23° 21’ 52.1” S, 44° 49’ 28.5” W), characterized by clay-
sandy soils, epiphytes, and trees reaching more than 20 m (Joly et al. 2008), and (2) “Restinga” 
forest (23° 21’ 28.4” S, 44° 51’ 00.7” W), characterized by sandy soils and canopy up to 20 m 
in height (Joly et al. 2008). 
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Nest architecture and demographic data 
Nests of Mycocepurus smithii, Mycetarotes parallelus and Mycetophylax morschi 
were found at “restinga” forest, and nests of Sericomyrmex parvulus and S. saussurei were 
found at lowland forest. Pilot monitoring of the study areas confirmed that the nests of these 
ants occur in greater numbers at the edge compared to the interior of the forest. Nest entrances 
were located by active search on the ground in both forest sites, and by using baits of orange 
and oats to attract the ants. The nests were characterized according to their external (number of 
entrances and presence of mound) and internal architecture (chamber depth, number and size 
of the chambers). We collected colonies of all species for demographic data, and counted the 
number of queens, winged females, males, workers, and immature.   
  
Daily activity schedule 
 Ant activity rhythms were investigated by sampling three colonies of each of the 
five ant species studied. We determined the activity pattern of the ants through censuses carried 
out over 24 hours, in which we recorded the number of workers exiting and entering the nest 
every two hours in sessions of 15 minutes (as in Leal 1998). Temperature and humidity at nest 
entrances were also recorded at the beginning of each sampling session. To avoid disturbance 
of ant activity, nocturnal observations were performed using red lights.  
 We used linear regression to access the influence of air temperature and humidity 
on colony foraging activity. A pseudo-R2 was calculated using the deviances of the final model 
as compared with the null model. This analysis was performed in R version 3.3.3 (R Core Team 
2017).  
 
Foraging behavior, collection of fungus-culturing material, and home ranges 
 The foraging behavior of the five species of fungus-farming ants was monitored 
intermittently for three colonies of each species for 10 hours, totaling 30 hours of observation 
per species. Except for Sericomyrmex saussurei that was sampled after sunset, all other species 
were sampled between 9:00 am and 5:00 pm, when ants were more active. When a worker went 
out to forage, we followed it and marked with a flag the position of the most distant point it has 
reached before returning to its nest. At the end of the observations we measured the distance of 
each point marked in relation to the nest and determined its geographical direction with a 
compass. In addition, the resources collected by the ants for fungus cultivation were removed 
from their mandibles and preserved in 100% ethanol for further identification in laboratory with 
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stereomicroscope (Leica M205C). We also noted if recruitment behavior and foraging trails 
occurred in these species. 
 We used R version 3.3.3 (R Core Team 2017) and the package adehabitatHR 
(Calenge 2006) to calculate through the minimum convex polygon method the area 
corresponding to the home range of the colonies. A G-test of independence with Williams 
correction (Gotelli and Ellison 2011) was employed for the proportion of types of culturing 
material collected by each ant species. In this analysis we considered the four main categories 
of items collected: vegetal matter, arthropod feces, arthropod carcass, and other. This analysis 
was performed in R version 3.3.3 (R Core Team 2017).  
Due the names of the genera begin with the same letters in species Mycocepurus 
smithii, Mycetarotes parallelus and Mycetophylax morschi, henceforth these species names will 
be referred in full. Ant voucher specimens are deposited at the “Museu de Zoologia da 
Universidade Estadual de Campinas”, São Paulo (ZUEC, Campinas, Brazil; registration 
numbers 4236 to 4240) and the Entomological Collection “Padre Jesus Santiago Moure” of the 
Universidade Federal do Paraná, Curitiba (DZUP). 
 
Results 
 
Nest architecture and demographic data 
 All nests found of the five species of fungus-farming ants occur in chambers 
excavated in the soil and the general characteristics of the nests are presented in Table 1 and 
Figure 1. The external architecture differed among the species (Figure 1). The nests entrances 
were surrounded by mounds of excavated soil pallets with irregular shape in Sericomyrmex 
parvulus, S. saussurei, some nests of Mycocepurus smithii, and one nest of Mycetarotes 
parallelus. Other nest entrances were inconspicuous holes on the floor, as in Mycetarotes 
parallelus and some nests of Mycocepurus smithii. Nests of Mycetophylax morschi presented a 
characteristic external architecture; the entrances were surrounded by a circular or semi-circular 
crater of soil pallets. With exception of Mycocepurus smithii that presented some nests with 
two entrances, all nests of the other species had only one entrance.  
 Nests of Mycetarotes parallelus consisted of a single chamber in the soil nearly 
10 cm below the surface (Table 1), which contained the fungus garden and the queen. The only 
excavated nest of S. saussurei contained two chambers (17 cm and 35 cm deep; Table 1), both 
of which contained fungus garden and workers, with the queen found in the deepest one. 
Mycocepurus smithii, Mycetophylax morschi and S. parvulus presented nests with one or more 
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chambers, 15 to 27 cm below the ground surface (Table 1). We found chambers with no fungus 
garden (with or without workers) in nests of Mycocepurus smithii and Mycetophylax morschi. 
Additionally, we observed waste present in the fungus chamber of Mycetophylax morschi nests.  
 We observed that the location of the fungus garden in chambers differed among 
species. Whereas in Mycocepurus smithii the fungus garden was suspended from the ceiling of 
the chamber (Figure 1), in the other species the fungus garden was located on chamber floor 
(Table 1). The fungus garden of Mycetarotes parallelus was always amongst thin roots on the 
chamber floor (Table 1).  
 The demographic data of the five species of fungus-farming ants is presented in 
Table 2. Sericomyrmex saussurei had the most populous colony among the five species studied 
(1102 individuals), whereas S. parvulus presented small colonies of 342 individuals. 
Mycocepurus smithii had the smallest colonies (50 to 170 workers), and Mycetarotes parallelus 
and Mycetophylax morschi had colonies with 172 and 209 individuals, respectively. We found 
colonies with more than one dealated queen in Mycocepurus smithii and Mycetophylax morschi. 
Mycetarotes parallelus, S. parvulus and S. saussurei, however, presented only one dealated 
queen in their colonies.  
 
Daily activity schedule 
 The daily rhythm of Mycocepurus smithii, Mycetarotes parallelus and 
Sericomyrmex parvulus was diurnal, with very few workers active after 6 p.m. (Figure 2). On 
the other hand, the daily rhythm of Sericomyrmex saussurei was mainly nocturnal, with the 
most intense activity beginning after sunset until sunrise (Figure 2). Mycetophylax morschi was 
the only species active throughout the whole day, without a well-marked peak of activity 
(Figure 2).  
 The daily activity of Mycocepurus smithii, Mycetarotes parallelus, 
Mycetophylax morschi and S. parvulus was positively affected by temperature and negatively 
affected by humidity (Table 3). Inversely, the daily activity of S. saussurei was negatively 
affected by temperature and positively affected by humidity (Table 3).  
 
Foraging behavior, collection of fungus-culturing material, and home ranges 
All five ant species foraged exclusively on the ground to search for material to 
cultivate the fungus garden. We did not observe ants harvesting fresh leaves on vegetation (as 
in Acromyrmex and Atta), although they collected dry or fresh fragments of plants on the 
ground. For instance, Sericomyrmex saussurei collected fallen fresh leaflets from leguminous 
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plants (Anadenanthera, Enterolobium), and S. parvulus was seen cutting into small fragments 
a fallen fresh petal of Tibouchina (Melastomataceae).  
 Mycocepurus smithii, Mycetarotes parallelus, Mycetophylax morschi and S. 
parvulus consistently used the same route to search for culturing substrates. The two former 
species foraged alone or in pairs, whereas Mycetophylax morschi and S. parvulus foraged in 
small groups (up to 10 workers). Sericomyrmex saussurei used foraging trails with up to 20 
workers in the search for culturing material and on their way back to the nest. These trails could 
have parts underground reaching 2.5 m in length and 1 cm in width, and we also observed 
workers in maintenance activity at these trails (removing fragments of soil pallets). 
Additionally, we observed that the five species had timid behavior: when disturbed they rely 
on crypsis, curl up the head and legs, and remain motionless.   
We observed that the five species of fungus-farming ants collected substrates of 
animal origin and vegetal matter to cultivate their fungus garden (Figure 3). Arthropod feces 
and to a lesser extent arthropod carcass comprise the items collected of animal origin (Figure 
3). Vegetal matter includes dry or fresh fragments of flowers, leaves and grass, pieces of wood, 
leaflets, parts of flowers, and fruits (Figure 4). The five species differed regarding the type of 
substrates collected to cultivate the fungus garden (G = 111.19, df = 12, P < 0.01).  
The material collected for fungus culturing by each species is shown in greater 
detail in figure 4. Parts of flowers were collected by Sericomyrmex parvulus (22%) and 
Mycocepurus smithii (9%). Leaflets were collected by Mycocepurus smithii (1%), 
Sericomyrmex parvulus (16%), and Sericomyrmex saussurei (1%). With exception of 
Mycetarotes parallelus, pieces of leaves were collected by all species. Wood was collected in 
poor quantities (Mycetarotes parallelus, Mycetophylax morschi, S. parvulus e S. saussurei), as 
well as arthropod carcass (Mycetarotes parallelus, Mycetophylax morschi e S. saussurei), fruits 
(Mycocepurus smithii and S. saussurei), and seeds (Mycetarotes parallelus and Mycetophylax 
morschi). Due to their very small size, some plant-derived items were categorized as 
undetermined vegetal material.  
The home ranges used to collect substrate to cultivate the fungus garden by workers 
of Mycetarotes parallelus and S. saussurei were the largest among the five species (3.34 m2 
and 3.42 m2, respectively; Table 4), and one colony of S. saussurei reached 7.03 m2 of home 
range. Mycocepurus smithii, Mycetophylax morschi and S. parvulus used smaller areas, of less 
than 1.50 m2 (Table 4). The maximum foraging distances traveled by workers of Mycocepurus 
smithii, Mycetarotes parallelus, Mycetophylax morschi and S. parvulus were less than 4 m, 
indicating that resources for fungus culturing can be found nearby their nests (Table 4).  
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Discussion 
 
Nesting behavior and demography 
  Our comparative results of the nesting habits of the five species of fungus-
farming ants in the Atlantic forest revealed that all nests occur in chambers excavated in the 
soil, although with variable external architecture. Nest architecture in attine ants is an important 
evolutionary trait. Nests with chambers excavated in the soil is probably the ancestral nesting 
pattern (Weber 1982, Fernández-Marín et al. 2004, Mehdiabadi and Schultz 2009).  
In our study, the two species of Sericomyrmex, Mycetophylax morschi and 
Mycetarotes parallelus had typical external architectures, whereas Mycocepurus smithii 
presented two types of external appearance (Table 1). In a recent study by Ješovnik et al. (2018), 
with several species of Sericomyrmex (including S. parvulus and S. saussurei), they observed 
that these ants excavate nests with one to 18 chambers, with the external nest appearance 
occurring in two main forms: with or without soil mound. As reported here, Solomon et al. 
(2004) observed that nests of Mycetarotes parallelus from Amazonia and Argentina consisted 
of one entrance ringed by old fungal substrate and most of which contained a single chamber, 
and the same was reported by Mayhé-Nunes and Brandão (2006). Other species of 
Mycetophylax (M. conformis Mayr 1884 and M. simplex Emery 1888) showed the same pattern 
of nest architecture described here for M. morschi: one nest entrance surrounded by a circular 
or semi-circular crater of sand, most often containing only one chamber (Diehl-Fleig and Diehl 
2007, Klingenberg et al. 2007). Mycocepurus smithii nests from Amazonia had mounds of fine 
grains of soil with irregular shape around the nest entrance and containing on average seven 
chambers per nest (Rabeling et al. 2007). In addition, the nest chambers in Mycetarotes, 
Mycetophylax and Sericomyrmex in general occur between ≈ 5 to 50 cm below the ground 
surface (see Wheeler 1925, Solomon et al. 2004, Mayhé-Nunes and Brandão 2006, Klingenberg 
et al. 2007, Ješovnik et al. 2018), as reported in our study. Chamber depths may be influenced 
by seasons and environmental factors; for instance, during the dry season fungus-growers move 
their chambers deeper in response to temperature and humidity (Ješovnik et al. 2018).  
 We observed that the species had fungus garden in different locations inside the 
chamber (Table 1). The location of the fungus garden is defined at the time of nesting 
foundation, and the location of the incipient fungus could differ among attine genera or even 
among species in the same genus. For example, Leal et al. (2011) report that Sericomyrmex ants 
place the fungus directly on the chamber floor, and Ješovnik et al. (2018) observed gardens of 
S. bondari Borgmeier 1937 and S. mayri Forel 1912 suspended from small rootlets in the roof 
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of the chamber. Acromyrmex (e.g. A. echinatior Forel 1899, A. octospinosus Reich 1793, and 
A. cf. volcanus Wheeler 1937) uses rootlets as a platform for the garden, and Mycocepurus 
smithii uses their detached forewings at the ceiling of the chamber as platform for incipient 
fungus (Fernández-Marín et al. 2004, Rabeling et al. 2007). A hypothesis for the fungus to be 
suspended from the ceiling or on rootlets would be to avoid soil microorganisms, which can be 
pathogens or competitors (Fernández-Marín et al. 2004). 
 The S. saussurei colony was the most populous in this study, whereas the other 
species had small to medium size colonies. Fungus-farming ants’ colonies are variable in colony 
population: leaf-cutters present densely populated colonies, such as those of Acromyrmex and 
Atta that can reach few millions of individuals (Hölldobler and Wilson 1990, Mehdiabadi and 
Schultz 2009, Hölldobler and Wilson 2011), other genera (e.g. Mycocepurus, Mycetarotes, 
Mycetophylax) have small colonies with less than 50 to 1000 individuals (Solomon et al. 2004, 
Mayhé-Nunes and Brandão 2006, Klingenberg et al. 2007, Rabeling et al. 2007). The genera 
Sericomyrmex and Trachymyrmex have species with colonies containing less than 50 
individuals, and others with up to 6000 individuals (Ješovnik and Schultz 2017, Ješovnik et al. 
2018). Ješovnik et al. (2018) reported that S. saussurei have more populous colonies than S. 
parvulus, as also recorded here. We also observed that Mycetarotes parallelus, S. parvulus and 
S. saussurei had only one queen. Colonies of Mycocepurus smithii and Mycetophylax morschi 
had more than one queen. However, occurrence of more than one queen in attine colonies does 
not necessarily indicate polygyny, since sometimes unmated daughter queens withdraw their 
wings and remain in the nest performing worker tasks (Weber 1941, Nehring et al. 2012). We 
observed this behavior for Mycetarotes parallelus, S. parvulus e S. saussurei in captive 
colonies. 
 
Daily activity, foraging behavior, collection of fungus-culturing material, and home 
ranges 
The activity rhythm of fungus-farming ants ranged from diurnal (Mycocepurus 
smithii, Mycetarotes parallelus, S. parvulus) to all-day-long (Mycetophylax morschi), and 
mainly nocturnal (S. saussurei). Furthermore, temperature and humidity were shown to affect 
the activity of these species. The non-leaf-cutter ants include diurnal and nocturnal species, and 
the same species can alternate the foraging period according to environmental conditions 
(Weber 1972). Leal (1998) also recorded diurnal activity for Mycocepurus and Mycetarotes, 
and noted that this pattern was influenced by temperature, with the peak of the foraging activity 
differing among colony and across seasons. In leaf-cutter ants the foraging rhythm is well 
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studied. It is known that the daily and seasonal activity in the leaf-cutters Acromyrmex and Atta 
is affected by temperature and humidity (Wetterer et al. 1998, Wirth et al. 2003, Caldato 2016), 
light intensity (Lewis et al. 1974), nutritional requirements of the colony (Caldato et al. 2016), 
parasite pressure (Feener and Moss 1990, Orr 1992), and type of available resources (Bochynek 
et al. 2017).  
Our data on foraging behavior showed that the ants forage exclusively on the 
ground, corroborating previous studies on non-leaf-cutter ants (Waller 1989, Leal and Oliveira 
2000, Mehdiabadi and Schultz 2009, Ješovnik et al. 2018). Although Mycetophylax morschi 
and S. parvulus foraged in small groups (up to 10 workers), only S. saussurei used a well-
marked foraging trail with up to 20 workers, including underground parts. The use of foraging 
trails is observed mainly in leaf-cutter ants, but Sericomyrmex and Trachymyrmex species have 
also seen forming conspicuous foraging trails (Weber 1972, Leal 1998). Leal (1998) reported 
that some fungus-farming ants (e.g. Cyphomyrmex, Mycetarotes, Mycocepurus, 
Myrmicocrypta, Sericomyrmex and Trachymyrmex) forage in small groups or even alone. We 
suggest that the behavior of making foraging trails is more frequent in genera more closely 
related to the leaf-cutter ants, whose trails may reach tens of meters from the colony and may 
contain hundreds of workers (Cherret 1968, Wetterer 1995, Röschard and Roces 2003). In the 
current study, we observed that all species recruit nestmates to baits placed in the vicinity of 
their nests. In fact, Ješovnik et al. (2018) also observed that Sericomyrmex foragers recruit 
nestmates to newly-discovered resources. The same has been reported for Mycocepurus goeldii 
Forel 1893, which can recruit 20 to 50 nestmates after discovering a pulp-rich pod of Hymenaea 
courbaril L. on the ground (Oliveira et al. 1995).  
In this study, some species such as Sericomyrmex saussurei and Mycetarotes 
parallelus collected arthropod feces in much greater proportion than other types of cultivating 
material (Figure 3). It is hypothesized that non-leaf-cutter ants are opportunistic regarding the 
substrates for fungiculture and collected resources may vary across seasons and also with their 
availability near the nest, or even with preference by fungus-farming species (Leal and Oliveira 
2000, Mehdiabadi and Schultz 2009, Hölldobler and Wilson 2011). In general, we observed 
that arthropod feces and vegetal matter were the main resources collected by the ants. Previous 
studies have reported that organic material in the leaf litter, such as arthropod feces, seeds, 
pieces of wood, fragments of flowers and grass, flesh of fruits, and lichens, comprise the main 
material collected by non-leaf-cutters ants to cultivate the symbiont fungus (Leal and Oliveira 
1998, 2000, Mehdiabadi and Schultz 2009, De Fine Licht and Boomsma 2010, Sosa-Calvo et 
al. 2017). Additionally, it was reported that some species of Trachymyrmex and Sericomyrmex 
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also cut fresh vegetation (e.g. flower petals, leaflets, tender leaves), but this behavior is not as 
common as seen in Acromyrmex and Atta, and neither was observed for other attines (Weber 
1966, Leal and Oliveira 2000, Seal and Tschinkel 2008, Mehdiabadi and Schultz 2009).  
In general, the five species of fungus-farming ants forage near their nests to search 
for items to cultivate the fungus garden. Leal and Oliveira (2000) also observed that the non-
leaf-cutters ants in Brazilian savanna forage in close vicinity of their nests, with foraging 
distances ranging around 1 to 3 m.  
Our study revealed various aspects of the ecology and behavior of fungus-farming 
ants, including species of non-leaf-cutters from Paleoattina (Mycocepurus smithii) and 
Neoattina (Mycetarotes parallelus, Mycetophylax morschi, S. parvulus and S. saussurei) clades. 
Our field account brought together qualitative and quantitative data on the natural history of 
these ants in Atlantic rainforest. In an ecological-evolutionary perspective, our data provide 
subsidies for a better understanding of the mutualistic relationship of these ants with the fungus 
cultivated inside the nest. In addition, this natural history account sheds light on the basic 
biological features of fungus-growers and helps to understand their ecological role in the 
threatened Atlantic rainforest. 
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Tables 
 
Table 1. Summary of nest architecture of the five species of fungus-farming ants studied in Atlantic rainforest, at 
“Parque Estadual Serra do Mar”. External appearance, number of entrances and chambers, chamber depth and width, 
and location of the fungus garden in the chamber are summarized by species.  
 
 
Table 2. Composition of colonies of each species of fungus-farming ants collected in an area of Atlantic rainforest at 
“Parque Estadual Serra do Mar”. 
 
Species No. of 
excavated 
nests 
Minimum and 
maximum no. of 
dealated queens 
Minimum and 
maximum no. 
of alate females 
Minimum and 
maximum no. 
of males 
Minimum and 
maximum no. 
of immature* 
Minimum and 
maximum no. 
of workers 
Mean no. ± SD of 
individuals** 
Mycocepurus smithii 8 1 – 5 0 – 2 0 0 – 77 51 – 174 108.75 ± 56.77 
Mycetarotes parallelus 8 1 0 – 83 0 – 17 0 – 2 85 – 274 172.63 ± 57.05 
Mycetophylax morschi 8 0 – 2 0 1 – 17 0 – 106 129 – 319 209.25 ± 68.72 
Sericomyrmex parvulus 3 1 0 – 19 1 – 2 24 – 32 107 – 577 342.67 ± 221.66 
Sericomyrmex saussurei 1 1 71 0 0 1030 1102 
 
* Eggs, larvae and pupae. 
** Dealated queens, winged females, males, immature and workers. 
Species No. of 
sampled 
nests 
External 
appearance 
Minimum and 
maximum no. of 
nest entrances 
Minimum and 
maximum no. 
of chambers 
Chamber 
depth (cm) 
mean ± SD 
Chamber 
width (cm) 
mean ± SD 
Location of 
fungus garden 
Mycocepurus smithii 12 Mound (8 nests), 
Hole (4 nests) 
1 1 – 4 22.59 ± 4.26 4.18 ± 1.72 Suspended from 
the ceiling 
Mycetarotes parallelus 7 Hole, Mound (1 
nest) 
1 1 9.57 ± 1.90 5.79 ± 1.15 Amongst thin roots 
on the floor 
Mycetophylax morschi 8 Crater 1 – 2 1 – 3 27.79 ± 8.53 4.68 ± 1.38 On the floor 
Sericomyrmex parvulus 2 Mound 1 1 – 2 15.67 ± 8.02 4.67 ± 2.08 On the floor 
Sericomyrmex saussurei 1 Mound 1 2 17 and 35 10 On the floor 
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Table 3. Results of linear regression to access the influence of air temperature and humidity on 
foraging activity of each species of fungus-farming ants studied in Atlantic rainforest.  
 SE Z - value pseudo - R2 P 
Mycocepurus smithii 
Temperature 
Humidity 
 
0.009 
0.002 
 
20.762 
-19.710 
 
0.245 
0.210 
 
<0.001 
<0.001 
Mycetarotes parallelus 
Temperature 
Humidity 
 
0.026 
0.005 
 
15.610 
-15.270 
 
0.508 
0.459 
 
<0.001 
<0.001 
Mycetophylax morschi 
Temperature 
Humidity 
 
0.007 
0.002 
 
10.610 
-10.590 
 
0.092 
0.089 
 
<0.001 
<0.001 
Sericomyrmex parvulus 
Temperature 
Humidity 
 
0.009 
0.003 
 
20.441 
-20.590 
 
0.407 
0.456 
 
<0.001 
<0.001 
Sericomyrmex saussurei 
Temperature 
Humidity 
 
0.015 
0.002 
 
-14.450 
10.959 
 
0.157 
0.089 
 
<0.001 
<0.001 
 
 
Table 4. Home ranges and distances traveled of each species of fungus-farming ants studied in 
Atlantic rainforest, at “Parque Estadual Serra do Mar”.  
Species Mean area ± SD of 
home ranges (m2) 
(N = 3 colonies) 
Minimum and maximum 
size of home ranges (m2) 
(N = 3 colonies) 
Minimum and maximum 
distance traveled (m) 
Mycocepurus smithii 1.18 ± 0.28 0.93 – 1.48 0.20 – 1.50 (N = 65 records) 
Mycetarotes parallelus 3.34 ± 0.05 3.31 – 3.40 0.20 – 1.70 (N = 84 records) 
Mycetophylax morschi 1.44 ± 1.05 0.60 – 2.62 0.22 – 1.60 (N = 68 records) 
Sericomyrmex parvulus 1.17 ± 0.21 0.95 – 1.36 0.20 – 1.13 (N = 69 records) 
Sericomyrmex saussurei 3.42 ± 3.18 1.01 – 7.03 0.18 – 3.61 (N = 113 records) 
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Figure Legends 
 
Figure 1. External and internal appearance of nests of the five species of fungus-farming ants 
(Mycocepurus smithii, Mycetarotes parallelus, Mycetophylax morschi, Sericomyrmex 
parvulus, and Sericomyrmex saussurei) studied in an area of Atlantic rainforest at “Parque 
Estadual Serra do Mar”. Red arrows indicate the nest entrance. Note the fungus garden 
suspended from the ceiling in the Mycocepurus smithii chamber (internal appearance).  
 
Figure 2. Daily variation in the foraging activity of (a) Mycocepurus smithii, (b) Mycetarotes 
parallelus, (c) Mycetophylax morschi, (d) Sericomyrmex parvulus, and (e) Sericomyrmex 
saussurei, in an area of Atlantic rainforest at “Parque Estadual Serra do Mar”. Foraging activity 
is expressed as the sum of inbound and outbound workers (data are means ± SE). Air 
temperature and humidity were recorded simultaneously during each sampling of ant activity 
(data are means). The sunrise in the locality occurs at 6:10 am and the sunset at 5.50 pm. 
 
Figure 3. Material collected by each species of fungus-farming (Sericomyrmex saussurei, 
Sericomyrmex parvulus, Mycetophylax morschi, Mycocepurus smithii and Mycetarotes 
parallelus) studied in an area of Atlantic rainforest at “Parque Estadual Serra do Mar”. The 
graph includes the four main categories of substrates collected: arthropod feces, arthropod 
carcass, vegetal matter, and “other” (material that could not be identified). Data based on 30 
hours of observation of foraging behavior for each species. 
 
Figure 4. Items collected by the five species of fungus-farming ants studied in Atlantic 
rainforest at “Parque Estadual Serra do Mar”. The figure includes all types of items collected 
by each species studied: (a) Mycocepurus smithii, (b) Mycetarotes parallelus, (c) Mycetophylax 
morschi, (e) Sericomyrmex parvulus, (e) Sericomyrmex saussurei. Some of the items collected 
by the ants are illustrated (f). Data based on 30 hours of observation of foraging behavior for 
each species. (“Undet. veg. material” = Undetermined vegetal material) 
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Abstract 
 
Cleptobiosis in social insects refers to a relationship in which members of a species rob food 
resources, or other valuable items, from members of the same or a different species. Here, we 
report and document in field videos the first case of cleptobiosis in fungus-growing ants (Atta 
group) from a coastal, Brazilian Atlantic rainforest. Workers of Mycetarotes parallelus roam 
near the nest and foraging paths of Mycetophylax morschi and attack loaded returning foragers 
of M. morschi, from which they rob cultivating material for the fungus garden. Typically, a 
robbing Mycetarotes stops a loaded returning Mycetophylax, vigorously pulls away the feces 
item from the forager’s mandibles, and brings the robbed item to its nearby nest. In our 
observations, all robbed items consisted of arthropod feces, the most common culturing 
material used by M. parallelus. Robbing behavior is considered a form of interference action to 
obtain essential resources needed by ant colonies to cultivate the symbiont fungus. Cleptobiosis 
between fungus-growing ants may increase colony contamination, affect foraging and 
intracolonial behavior, as well as associated microbiota, with possible effects on the symbiont 
fungus. The long-term effects of this unusual behavior, and associated costs and benefits for 
the species involved, clearly deserve further investigation. 
  
Keywords: Ant behavior, fungus-growing ants, interference competition, theft, Atlantic 
rainforest. 
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Introduction 
Among social insects, thievery of food items, nesting material, brood, or other 
valuable items is known as cleptobiosis and can occur among individuals of the same or of 
different species that do not nest in close association (Breed et al. 2012). This ecological 
relationship is a form of interference competition and may be an important strategy for 
obtaining valuable resources (Hölldobler 1986). Cleptobiosis has been reported in social insects 
such as ants, bees and wasps, as well as in other arthropod groups such as spiders and thrips 
(Breed et al. 2012; and included references). Several cases of inter and intraspecific food 
robbing have been reported among ant species. For instance, Hölldobler (1986) observed that 
Myrmecocystus mimicus robs prey from Pogonomyrmex desertorum and P. Maricopa; Perfecto 
and Vandermeer (1993) reported Ectatomma ruidum stealing food items from Pheidole 
radoszkowskii; Yamaguchi (1995) observed seed stealing between neighboring colonies of 
Messor aciculatus; and Richard et al. (2004) demonstrated for the first time sugary-food 
robbing by Crematogaster limata from Ectatomma tuberculatum. 
Here, we report the first case of thievery of culturing material (cleptobiosis) 
involving two species of fungus-growing ants, Mycetophylax morschi (Emery 1888) and 
Mycetarotes parallelus (Emery 1906), in a coastal, sand-based (“restinga”) Atlantic rainforest 
of Brazil. Mycetophylax morschi and Mycetarotes parallelus belong to the monophyletic, 
Neotropical Attina subtribe (Formicidae: Myrmicinae: Attini). Both species have obligatory 
mutualisms with the symbiotic fungi cultivated inside their nests, and which serves as food 
source for the whole colony (Hölldobler and Wilson 2011). Mycetarotes parallelus occurs from 
central and southeast Brazil (Atlantic rainforest, Cerrado savanna, and Amazonia) to northern 
Argentina (Mayhé-Nunes and Brandão 2006). Mycetophylax morschi occurs exclusively along 
the Atlantic coast of South America (Klingenberg and Brandão 2009). Henceforth the two ant 
species are each referred to by the genus only.  
 
Materials and Methods 
 Observations were carried out in October 2016 in Atlantic rainforest at the 
Parque Estadual Serra do Mar (Núcleo Picinguaba, 23°21’28”S, 44°51’00”W), near Ubatuba, 
São Paulo, Southeast Brazil. Records of interspecific thievery are based on 8 hours of 
observation involving two neighboring nests of Mycetarotes and Mycetophylax (55 cm apart). 
The videos were recorded using Sony Handycam DCR-SR85. 
 In previous observations in the same area (April to June 2015), we monitored 
the foraging activity in each of three colonies of Mycetarotes and Mycetophylax, totaling 30 
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hours of observation for each species. The resources collected by Mycetarotes and 
Mycetophylax to cultivate the fungus garden were removed from returning foragers and 
preserved in 100% ethanol for identification. All observations and interaction events between 
the two species were made between 09:00 am and 03:00 pm, at the peak of ant activity. 
 
Results and Discussion 
Workers of Mycetarotes roam near the nest and foraging grounds of Mycetophylax 
and attack returning foragers. Ant robbers intercept laden Mycetophylax workers on their way 
back to the nest, or at the very vicinity (10 to 20 cm) of the nest entrance (see video ESM1 in 
supplementary material). We recorded seven attempts by Mycetarotes robbers towards 
Mycetophylax foragers bringing in arthropod feces for fungus-culturing. Typically, a robbing 
Mycetarotes stops a loaded returning Mycetophylax, vigorously pulls away the feces item from 
the forager’s mandibles (Fig. 1), and brings the robbed item to its nearby nest (see video ESM2 
in supplementary material). Upon assault, loaded Mycetophylax foragers may grasp the 
resource tightly and win the item after fighting with robbing ants for up to 10 seconds (two 
occasions). Three Mycetophylax workers were once seen helping an intercepted nestmate by 
biting the assaulting Mycetarotes, which was chased away without robbing the item. Probably 
due to their larger size (Mycetarotes: ≈ 2.8 mm; Mycetophylax: ≈ 1.8 mm), Mycetarotes workers 
are often successful at pulling the item loose from Mycetophylax (four occasions). On one 
occasion, an approaching Mycetarotes walked away after briefly antennating/inspecting a 
loaded Mycetophylax worker. 
In all observed theft incidents, the robbed item was taken directly to the nearby 
Mycetarotes nest by the assaulting ant (see video ESM2 in supplementary material). After ca. 
5 min, a Mycetarotes worker would consistently exit the same nest toward the very location 
where the robbing event had recently been recorded. Although this observation might suggest 
persistence of robbing activities by individual workers, as documented in other prey-robbing 
ants (Hölldobler 1986), further investigation with marked ants is required to confirm this 
suggestion.  
In a field account on the foraging ecology of Mycetophylax and Mycetarotes in the 
same area, we observed that both species collect vegetable matter (e.g. leaf and wood 
fragments), arthropod feces, and arthropod carcass to cultivate the symbiotic fungus. Arthropod 
feces constitute 35% and 50% of the items collected by Mycetophylax and Mycetarotes, 
respectively (Fig. 2a). Data from these three Mycetarotes colonies show that, during 8 hours of 
foraging activity, colonies collect on average 16 feces items (2.08 ± SD) for fungus-culturing. 
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Our records of robbing involving neighboring Mycetarotes and Mycetophylax (four stolen items 
in 8 hours) would thus represent nearly 24% of the feces items normally collected by 
Mycetarotes foragers.  
Mycetarotes and Mycetophylax are sympatric and have similar preferences for the 
type of material used for fungus culturing (mainly feces and dead plant fragments, Fig. 2a,b). 
Although the items stolen by Mycetarotes are not for direct ant feeding, they are essential for 
the cultivation of the symbiont fungus that feeds the colony (Fig. 2b). Unlike leaf-cutter ants of 
the genera Acromyrmex and Atta that use fresh plants (fixed and spatially predictable) to 
cultivate the symbiont fungus, the feces pellets used by these two non-leaf-cutter attines are 
scattered in the environment and may be hard to find, analogous to animal prey and seeds (see 
Hölldobler 1986; Yamaguchi 1995). Robbery by Mycetarotes may be advantageous by saving 
foraging time and reducing predation risk to foragers, thus optimizing fungus and colony 
growth. The degree to which thievery by Mycetarotes can affect foraging activity and fungus 
growth in Mycetophylax colonies await further experimental assessment.  
Compared to leaf-cutters, the non-leaf-cutter attine ants are less specialized 
regarding the material collected for fungus-culturing (Wirth et al. 2003; Hölldobler and Wilson 
2011). They use arthropod feces and carcass, decaying plant material, fallen fruits and seeds as 
cultivating material, and can be considered opportunistic (Hölldobler and Wilson 2011). The 
use of fresh plant material by highly selective Atta and Acromyrmex, on the other hand, requires 
several adaptations of the fungus garden for processing the culturing substrate (Khadempour et 
al. 2016). The low substrate specificity for fungus-culturing may thus have favored cleptobiotic 
behavior in non-leaf-cutter attines, since the fungus garden can develop on variable surfaces 
and robbed items have good chances of promoting fungus growth. Indeed, two species of non-
leaf-cutter attines – Apterostigma urichii and Cyphomyrmex faunulus – can live in parabiosis 
and share the same nest and fungus garden without mutual aggression (Sanhudo et al. 2008). 
This case reinforces the flexibility of the fungus regarding the culturing substrate, suggesting 
behavioral plasticity among species of non-leaf-cutter attines.  
Cleptobiotic interactions among ants can increase the risk of contamination and 
pathogenic diseases between cleptobiont colonies due to their frequent and close contact with 
one another (Breed et al. 2012). Because Mycetarotes and Mycetophylax workers come in close 
contact during cleptobiosis, the risk of colony contamination likely increases for both species 
involved. This could be a critical factor for development of the fungus garden inside their 
colonies since this symbiosis is susceptible to external contamination, which can lead to death 
of the fungus and of the entire colony (Currie 2001). Similarly, cases of garden stealing or 
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garden sharing in fungus-growing ants may also result in contamination, leading to pathogen 
cultivar transfers from one colony to another, as suggested by Adams et al. (2000). Attine ants 
have diverse bacterial communities associated with their body surface and fungus garden, and 
some bacteria may protect the ants and the fungus against pathogens (Kost et al. 2007; Mueller 
et al. 2008). In addition, ant workers of the attine ants keep their fungus free from infection by 
physically removing invasive microorganisms (Currie 2001). This cleaning behavior is 
frequently observed in Mycetarotes and Mycetophylax colonies (MUV Ronque, unpublished 
data). Grooming is thought to have favored the evolutionary success of fungus-farming ants by 
decreasing the risk of colony death from infection, thus promoting colony growth (Currie 2001). 
Grooming behavior may be particularly important for the Mycetarotes  Mycetophylax 
cleptobiotic interaction, since microorganisms potentially causing diseases from one species to 
another can be removed by cleaning workers inside the colonies.  
The current field account is the first case of cleptobiosis involving thievery of 
culturing material between species of fungus-growing ants. The long-term effects of this 
unusual behavior and the costs and benefits for each species clearly need to be investigated in 
greater detail, with more quantitative data. This report may stimulate interest in the evolution 
of foraging and intracolonial behavior, as well as on the microbiology (risk of contamination, 
associated microbiota) of cleptobiont species in the Attina subtribe, and the possible effect of 
cleptobiosis on the symbiont fungus.  
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Figures Legends 
 
Fig. 1 Schematic drawing of a theft event: a worker of Mycetarotes parallelus (left) pulls a 
recently-collected feces item from the mandibles of a returning worker of Mycetophylax 
morschi. The robbing ant will take the stolen item to its nearby nest as substrate for the fungus 
garden (see also Fig. 2). Drawing by Luisa Mota.  
 
Fig. 2 (a) Culturing substrate for mutualistic fungus collected by Mycetarotes parallelus and 
Mycetophylax morschi in coastal Atlantic rainforest, southeast Brazil. Numbers in parentheses 
designate quantity of items collected during 30 h of observation (3 colonies per species). (b) 
A view of the fungus garden of Mycetarotes parallelus showing worker using arthropod feces 
(arrow) as culturing substrate. The colony was collected in sandy Atlantic rainforest, 
southeast Brazil. 
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Supplementary material Legends 
 
ESM1 Worker of Mycetophylax morschi returning to its nest with a feces item and Mycetarotes 
parallelus patrolling the nest vicinity of M. morschi. 
 
ESM2 Worker of Mycetarotes parallelus intercepts a loaded Mycetophylax morschi, which 
returns to the nest with a feces item. Mycetarotes parallelus robs the item and takes it to its 
nearby nest. 
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Figure 2 
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Abstract  
 
1. Attine ants cultivate fungus inside the nest that serves as food for the colony, and this group 
is a good example in animals of evolutionary success closely related with symbiotic 
microorganisms. Moreover, the ants are continuously exposed to microorganisms from the 
external environment and their associate microbiota can be a key element in this symbiosis.  
2. Identifying the bacterial community of fungus-farming ants helps to understand how host-
associated bacteria are distributed among different species of fungus-growers, as well as 
elucidate whether intra and interspecific variation occur.  
3. We characterized the bacterial community structure (alpha-diversity, beta-diversity, and 
bacterial operational taxonomic unit abundances) using 16S ribossomal RNA gene, and PCR 
amplified from total DNA extracted from ants. We sampled five species of fungus-growers 
from the Atlantic rainforest (Mycocepurus smithii, Mycetarotes parallelus, Mycetophylax 
morschi, Sericomyrmex parvulus, and Sericomyrmex saussurei), distinguishing the ants internal 
to the nest (on the fungus garden) and from the external ones (foragers).  
4. Results show that bacterial communities associated with external foragers differ among the 
species of fungus-growers, indicating a host effect on these communities. Sericomyrmex 
saussurei had highest bacterial diversity. Bacterial communities from internal vs. foragers ants 
did not differ or differed only slightly within each ant species. Finally, the composition of the 
bacterial community in the same species differed among nests. 
5. We conclude that the bacterial community in fungus-farming ants is host-specific and also 
nest-specific, evidencing intraspecific and interspecific variation. Furthermore, we suggest that 
bacteria from environment had little effect in the community structure in these ants. Our study 
discloses the richness and diversity of bacterial communities that live with fungus-farming ants 
and highlights the importance of describing these micro communities to better understand this 
host-microbial interaction. Our work can trigger the interest on the ecological and evolutionary 
processes that drive the success of these social insects in tropical environments. 
 
Keywords: Bacteria, symbionts, attine ants, Atlantic rainforest, 16S rRNA, Illumina 
sequencing 
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Introduction 
The evolution of metazoan is closely related with microbial communities and 
interactions with microorganisms exist since the rise of animals, for which microorganisms 
have played crucial roles in shaping host phenotype, ecology, and evolution (McFall-Ngai et 
al. 2013, Koskella et al. 2017).  
Recent advances in DNA sequencing techniques and culture-independent genomics 
tools have resulted in more accurate estimates of microbial richness and diversity from 
environmental samples, revealing an abundant and diverse microbiota living in symbiosis with 
animals (Xu 2006, McFall-Ngai et al. 2013, Vences et al. 2016). Considering the abundance 
and diversity of microbial communities, it is expected that animals present symbiosis with 
microorganisms that can influence their hosts in different ways such as preventing pathogenic 
infections, increasing the host’s ability to cope with stressful environments, or even degrading 
or synthesizing substances that are important for host nutrition (Aylward et al. 2014, Koskella 
et al. 2017).  
Animal-microorganism interactions may occur via shared habitats or symbiosis. In 
the latter case, host-microbial symbiosis in an ecological and evolutionary approach has proven 
to be useful to understand the function of microorganisms in animals, as well as the processes 
driving species success (McFall-Ngai et al. 2013). In particular, fungus-farming ants offer a 
good example whose evolutionary success is closely related with the fungus cultivated inside 
the nest and with symbiotic microorganisms: parasitic fungi (the main is from genus 
Escovopsis) and bacteria associated with ants and fungus garden (Currie et al. 2003, Little and 
Currie 2007, Schultz e Brady 2008, Hölldobler and Wilson 2011). Fungus-farming ants 
(Formicidae, Myrmicinae, Attini, Attina; hereafter referred to as attine ants) present a highly 
specialized symbiosis with their cultivated fungus. This is an obligatory mutualism in which 
the ants obtain food for the colony from the cultured fungus, and in return the ants provide 
fungus with nourishment, dispersal to new locations, and an environment free of parasites and 
competitors (Currie et al. 2003, Mehdiabadi and Schultz 2009, Hölldobler and Wilson 2011). 
Fungus-farming ants live in a complex multi-trophic symbiosis: the cultivated 
fungus that serves as food source for ants, the parasite fungus that can devastate the fungus 
garden and consequently the whole colony, and bacteria present on the ant body surfaces and 
on fungus garden that produce antibiotic compounds that inhibit the growth of parasitic fungi, 
as actinomycetous bacteria (Currie et al. 2003, Little and Currie 2007, Kost et al. 2007, Mueller 
et al. 2008, Schultz and Brady 2008). Furthermore, the fungus garden is continuously exposed 
to external microorganisms that are brought to the nest by ant foragers and/or with the items 
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they collect for fungiculture (Currie 2001). The associated microbiota with fungus-farming ants 
can be a key element in the mutualism with the fungus garden, although little is known about 
their interactions within the nest environment. For instance, associated microorganisms could 
be nutritionally important (Kellener et al. 2015), play a defense role against diseases 
(Kaltenpoth 2009), or even contribute to nest hygiene (Currie 2001). Descriptive studies of the 
microbial communities are important to reveal what is associated with fungus-farming ants and 
their nests, being the first step to understand the functionality of these microorganisms in the 
ant-fungus symbiosis. For instance, the study of Aylward et al. (2012) showed that some 
bacteria associated with two species of fungus-farming ants (Atta cephalotes Linnaeus 1758 
and A. colombica Guérin-Méneville 1844) are related with nutrient biosynthesis and biomass 
degradation.  
In this study, we report on the diversity of the bacterial community associated with 
five species of fungus-farming ants from the Atlantic rainforest: Mycocepurus smithii (Forel 
1893), Mycetarotes parallelus (Emery 1906), Mycetophylax morschi (Emery 1888), 
Sericomyrmex parvulus Forel 1912, and Sericomyrmex saussurei Emery 1894. We quantified 
bacterial species richness and diversity using 16S rRNA gene amplicon sequencing. Our main 
objectives were: (i) to characterize the bacterial community composition of the five attine 
species; (ii) to compare the microbiome of the five species and investigate possible interspecific 
differences in bacterial community composition; (iii) to investigate if the microbiota associated 
with ants whose activity is internal to the nest environment differs from that associated with 
ants foraging outside the nest; and (iv) to compare the microbiome between nests of the same 
species and investigate possible intraspecific differences in the composition of associated 
bacterial communities. We predict that bacterial communities will differ among the five species 
of fungus-farming ants, showing bacterial specificity with the host. We also expect that ant 
foragers exposed to bacteria present in the external nest environment (e.g. soil, material 
collected for fungiculture) will have different bacterial composition compared to ants working 
inside the nest.  
 
Material and methods 
 
Samplings 
 We carried out the field work in July 2015 and January 2016 in Atlantic 
rainforest at Parque Estadual Serra do Mar, Ubatuba municipality, São Paulo State, Brazil. We 
collected workers of five species of fungus-farming ants: Mycocepurus smithii, Mycetarotes 
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parallelus, Mycetophylax morschi, Sericomyrmex parvulus and Sericomyrmex saussurei. 
Sampled nests were located in three different areas: (1) S. parvulus and S. saussurei were found 
only at lowland forest (23° 21’ 52.1” S, 44° 49’ 28.5” W), characterized by clay-sandy soils, 
epiphytes, and trees reaching more than 20 m (Joly et al. 2008); (2) Mycocepurus smithii, 
Mycetarotes parallelus and Mycetophylax morschi were found at restinga forest (23° 21’ 28.4” 
S, 44° 51’ 00.7” W) living in sandy soils and with canopy up to 20 m in height (Joly et al. 
2008); (3) Mycetophylax morschi was also found in the dunes region (23° 21’ 38.8” S, 44° 50’ 
58.1” W), with xerophytic vegetation, high influence of the sea and salinity (Joly et al. 2008).  
To investigate if the microbial communities differed between foragers in the outside 
environment and ants working inside the nest, we collected 16 foraging workers upon their 
return to the nest and 16 workers from the fungus garden inside the nest of the species 
Mycocepurus smithii, Mycetarotes parallelus, and Mycetophylax morschi. Due to difficulties 
in finding the nest chambers of Sericomyrmex, only outside foragers were collected for S. 
parvulus and S. saussurei. We sampled three nests of Mycocepurus smithii, Mycetarotes 
parallelus, Mycetophylax morschi from restinga and Sericomyrmex parvulus, two nests of 
Mycetophylax morschi from dune, and four nests S. saussurei.  
All material used for collecting ants were sterilized with ethanol 70% and flamed 
to avoid sample contamination. Before the analyses, the ants were stored in separate sterile 
microcentrifuge vials, in a -20 °C freezer.  
Due the names of the genera begin with the same letters in species Mycocepurus 
smithii, Mycetarotes parallelus and Mycetophylax morschi, henceforth these species names will 
be referred in full. 
 
Molecular methods 
We extracted Genomic DNA from whole ants using the Qiagen DNeasy Blood & 
Tissue kit, following the manufacturer’s protocol with minor adjustments to increase DNA 
yield of the bacterial community. Adjustments included do not macerate the ant before placing 
in AL buffer and incubating samples in 56 °C with proteinase K for only 2 hours. For the 
bacterial community profiling we PCR-amplified the V4 region of the bacterial 16S rRNA gene 
using a dual-index approach with barcoded-primers 515F and 806R (Kozich et al. 2013). PCR 
reactions were done in duplicates using conditions described in Bletz et al. (2016), but with de 
Phire® Hot Start II DNA Polymerase (Finnzyme, Espoo, Finland). PCR products of each 
sample were combined; samples were pooled together in approximately equal DNA 
concentrations and were purified with the DNA Gel Extraction Kit (Norgen Biotek Corp, 
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Thorold, ON, Canada). The purified pool was sequenced with paired-end 250 on an Illumina 
MiSeq sequencer at TUCF genomics, Boston, MA, USA. 
To confirm the identity of the sampled ants of each nest we sequenced a fragment 
of the mitochondrial cytochrome c oxidase subunit 1 (COI) using primers LCO1490 and 
HC02198 (Folmer et al. 1994) and standard PCR conditions. PCR fragments were purified and 
sequenced in Macrogen Inc, Seoul, South Korea. Sequences were trimmed and quality-checked 
using Geneious R6 (http://www.geneious.com, Kearse et al. 2012) and submitted to GenBank 
(accession numbers MH206536- MH206586). We got sequences for all nests and found almost 
no variation between nests and among species, being that the Mycocepurus smithii, Mycetarotes 
parallelus and Sericomyrmex parvulus presented only one haplotype for all nests, and 
Mycetophylax morschi and Sericomyrmex saussurei presented two haplotypes that are different 
from each other in only two base pairs. We found no variation between individual from the 
same nest. 
 
Sequence analyses 
We processed sequences and analyzed data using the QIIME pipeline v1.9.1 
(Caporaso et al 2010a) on Mac OS X. The forward read sequences were quality filtered, 
trimmed to 150 nt and demultiplexed. We used the Deblur workflow (Amir et al 2017) in 
QIIME to cluster reads and assigning OTUs using the Greengenes 13.8 reference database (May 
2013 release; http://greengenes.lbl.gov/cgi-bin/nph-index.cgi). OTUs comprising less than 5 
reads in total were filtered out. Sequences were aligned with pynast (Caporaso et al 2010b) and 
the FastTree2 (Price et al. 2010) was used to build a phylogenetic tree of OTUs using QIIME 
standard procedures. We rarefied all samples to 2000 reads. After filtering, 185 samples 
remained for analyses out of 243. See Table S1 (Supporting information) for an overview of 
sample sizes and numbers of sequences for different subsets of data used in the analyses. We 
also numbered the OTUs that were different, but that had the same classification until 
taxonomic level of genus (e.g. Pseudonocardia 1 and Psedonocardia 2 are different OTUs, but 
from the same genus).  
 
Statistical analyses 
 Firstly, we obtained a descriptive analysis of the microbiome structure from five 
species of fungus-farming ants. For the diversity of bacteria OTUs at phylum level we generated 
a plot within QIIME. Additionally, we represented by Venn diagrams (generated by Oliveros 
2015) the OTUs that were shared between all species, and between ants internal and external to 
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the nest of each species. We also constructed a heatmap to indicate the variation of relative 
abundance of bacterial OTUs in all five species, separating the external and internal ants. The 
heatmap were generated in R version 3.3.3 (R Core Team 2017) with packages gplots (function 
heatmap.2), the dendograms were generated with Bray-Curtis distance matrices (vegan 
package, function vegdist), and we removed the OTUs with less than 5% of relative abundance.  
 All statistical analyses of alpha and beta diversity were performed in R version 
3.3.3 (R Core Team 2017). We used QIIME to calculate the number of observed OTUs, Chao1 
and Faith’s phylogenetic diversity for all samples as a proxy for bacterial richness and diversity. 
We used generalized linear models (GLM) to investigate the variation in Faith’s phylogenetic 
diversity in all species from which we sampled worker foragers external to the nest; we included 
species as main explanatory variable and location as random factor. For species from which we 
sampled ants internal and external to the nest (Mycocepurus smithii, Mycetarotes parallelus 
and Mycetophylax morschi), we included species and internal/external to the nest as main 
explanatory variables, and location as random factor. Since Mycetophylax morschi was found 
in both the restinga forest and in the dunes area, ants from each site were treated separately. We 
performed pairwise comparisons with Tukey test (multcomp package, function glht) between 
all species from which we sampled worker foragers external to the nest, and between internal 
and external ants of each species.  
 For beta-diversity, we used PERMANOVAs with package vegan (function 
adonis) to quantify the compositional similarities between bacterial communities among groups 
of individuals using relative abundance with Bray-Curtis distances. We also conducted this 
analysis using the unweighted UniFrac metrics (Lozupone et al. 2011). For interspecific 
comparisons we considered all species from which we sampled worker foragers external to the 
nest, with species as main explanatory variable and location as random factor. We separate 
Mycetophylax morschi data from the restinga forest and the dune area. For comparisons 
between ants working inside the nest and foragers in the outside environment, we considered 
only species with internal and external ant samples (Mycocepurus smithii, Mycetarotes 
parallelus and Mycetophylax morschi from both the restinga forest and the dune area), with 
species and internal/external to the nest as main explanatory variables, and location as random 
factor. We performed pairwise comparisons with Bray-Curtis similarity method and Bonferroni 
adjustment between all species from which we sampled worker foragers external to the nest, 
and between internal and external ants of each species. For intraspecific comparisons we 
performed PERMANOVAs for each species, considering the nest as main explanatory variable. 
For Mycocepurus smithii, Mycetarotes parallelus and Mycetophylax morschi we considered 
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inside and outside the nest as random factor. We consider in this analysis Mycetophylax morschi 
just from the restinga forest. 
We used principal coordinate analysis (PCoA) to visualize the bacterial community 
composition using relative abundance with Bray-Curtis distances, with ape package (function 
pcoa). We also performed principal coordinate analysis using unweighted UniFrac metrics 
(Lozupone et al. 2011) for interspecific comparisons and between ants working inside the nest 
and foragers in the outside environment. 
 Additionally, we identified the OTUs responsible for the patterns in bacterial 
community internally and externally to the nest of each species using similarity percentage 
analysis (SIMPER), based on distance of Bray-Curtis with vegan package (function simper). 
SIMPER showed the contribution of each OTU for the dissimilarity between the internal and 
external communities of each species. This analysis was calculated only for species that showed 
differences in composition of bacterial community between ants internal and external to the 
nest environment.  
  
Data accessibility 
The sequences of the amplicon libraries were deposited NCBI short read database. 
Sequences of all barcoded specimens were deposited in GenBank (accession numbers 
MH206536- MH206586). Voucher specimens are deposited at the “Museu de Zoologia da 
Universidade Estadual de Campinas” (ZUEC, Campinas, Brazil; registration numbers 4236 to 
4240). 
 
Results 
 
1. General patterns of OTU diversity 
 The final analyzed data included 8.754.441 bacterial sequences from 185 
samples for the five species of attine ants accessed: Mycetarotes parallelus, Mycetophylax 
morschi, Mycocepurus smithii, Sericomyrmex parvulus and Sericomyrmex saussurei. 
Sequences represented 2272 OTUs dominated by members of the phyla Proteobacteria, 
Bacteroidetes, Actinobacteria and Tenericutes (Figure 1). 
 The bacterial taxonomic composition in Mycetarotes parallelus consisted 
predominantly of Actinobacteria (82.4% ants internal to nest; 78.5% external foragers). 
Bacterial composition for external foragers of Mycocepurus smithii was composed mainly of 
Bacteroidetes (52.6%), while individuals internal to the nest had mainly Proteobacteria (36%) 
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and Actinobacteria (54.1%) (Figure 1). Mycetophylax morschi was composed predominantly 
of Actinobacteria at the restinga forest (89.9% internal; 72% external) and Proteobacteria at the 
dune area (62% internal; 70.8% external). Tenericutes (32%) and Proteobacteria (38.2%) were 
the most abundant phyla in S. parvulus external foragers, while external ants of S. saussurei 
hosted mainly Proteobacteria (39.9%) and Actinobacteria (40.1%) (Figure 1). The phyla 
Actinobacteria and Proteobacteria were present in all five ant species, both in ants inside the 
nest and external foragers. 
Venn diagrams between the five fungus-farming ant species from which we 
sampled external foragers showed that 57 OTUs were common among these species (Figure S1 
supporting information), 16 OTUs of which were abundant (e.g. Chryseobacterium, 
Entomoplasmatales, Pseudonocardia; see Table 2 supporting information). Comparisons of the 
bacterial composition of ants in the internal and external nest environment of each ant species, 
showed that Mycocepurus smithii shared 129 of the total bacterial OTUs, Mycetarotes 
parallelus shared 197 OTUs, and Mycetophylax morschi from the restinga forest and dune area, 
73 and 63 OTUs, respectively (Figure 2).  
 Average relative abundance of bacterial OTUs in external foragers showed that 
different ant species were dominated by different genera of bacteria (Figure 3). For instance, in 
Mycetarotes parallelus and Mycocepurus smithii more than 50% of the bacterial community 
consisted of Pseudonocardia 1 and Chryseobacterium 3, respectively, and Pseudonocardia 2, 
Luteimonas 6, Chryseobacterium 3 and Luteimonas 12 were found only in Mycocepurus smithii 
(Figure 3). Workers of Mycetophylax morschi in the internal and external nest environment 
from restinga and dune showed that OTUs with higher average relative abundance was only 
found in this species, with exception of Pseudonocardia 1. Finally, Sericomyrmex parvulus was 
dominated by Entomoplasmatales 8 and S. saussurei by Actinomycetales 5.  
 
2. Bacterial alpha-diversity  
 In an overview among the five species from which we sampled worker foragers 
external to the nest, the diversity of bacterial communities of ants was higher in S. saussurei, 
as seen by richness (number of OTUs), Chao 1 diversity index and Faith’s phylogenetic 
diversity index, followed by S. parvulus (Table 1). For workers sampled inside the nest, 
Mycetarotes parallelus had the most diverse microbial community, with more OTUs per 
sample, and higher values of Chao 1 and Faith’s phylogenetic diversity (Table 1).  
The Faith’s phylogenetic diversity differed between ant species from which we 
sampled worker foragers external to the nest (F=3.64, df=5, p=0.0043; Figure 4A). 
54 
 
Sericomyrmex saussurei differed from all species and S. parvulus differed from Mycetophylax 
morschi (dune) and Mycocepurus smithii. When considering only the ant species from which 
we sampled worker individuals internal and external to the nest, the Faith’s phylogenetic 
diversity differed between species (F=14.65, df=3, p<0.0001; Figure 4B), being higher in 
Mycetarotes parallelus. Moreover, the phylogenetic diversity differed between ants internal 
and external to the nest regarding the species (F=6.17, df=3, p=0.0006; Figure 4B), in this case 
being different in Mycetophylax morschi (restinga) and in Mycetarotes parallelus.   
 
3. Composition of bacterial communities: interspecific comparisons and differences 
between foragers and internal ants 
The composition of the bacterial microbiome in individuals external to the nest 
differed among the attine species (Table 2). We characterized the differences in bacterial 
composition with the first two axes of a PCoA (Figure 5A). We also observed that the bacterial 
composition of external individuals of Mycetophylax morschi from restinga were different from 
dune (Table 2, Figure 5A). Similar patterns were observed when using unweighted UniFrac 
distance to calculate PERMANOVA and PCoA, although the fit of the model was weak and 
the variation in the first and second axes of the PCoA was lower (Figure S2 supporting 
information).   
 When we considered the species of ants from which we sampled individuals 
internal and external to the nest (Mycocepurus smithii, Mycetarotes parallelus, Mycetophylax 
morschi from the restinga forest, and Mycetophylax morschi from the dune area), the bacterial 
community composition differed between the host species, and between foragers and internals 
(Table 2, Figure 5B). However, in Mycocepurus smithii and Mycetophylax morschi (restinga) 
the bacterial communities of forager and internal workers differed, but the fit of the model was 
low (Table 2, Figure 5B). Additionally, the bacterial communities of Mycetarotes parallelus 
and Mycetophylax morschi from dune showed no difference between foragers and ants internal 
to the nest. The same result was observed with unweighted UniFrac distance (Figure S3 
supporting information).  
SIMPER results showed that the OTUs responsible for the dissimilarity between 
bacterial communities in internal and external Mycocepurus smithii were Chryseobacterium 3, 
Pseudonocardia 2 and Luteimonas 6; and in Mycetophylax morschi from restinga were 
Arthrobacter woluwensis 4, Microbacterium 9, Intrasporangiaceae 10, Pseudonocardia 13, 
Pseudonocardia 1, Chitinophagaceae 19 and Phycicoccus 21 (Table 3). The bacterial 
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communities of internal and external Mycetarotes parallelus and Mycetophylax morschi from 
dune did not differ significantly.  
 
4. Intraspecific differences in bacterial community composition 
 The composition of the bacterial community within each species of fungus-
farming ant differed among nests (Table 4, Figure 6). Specifically, the differences in microbiota 
composition were observed for Mycocepurus smithii, Mycetophylax morschi from restinga, S. 
parvulus and S. saussurei (Table 4, Figure 6). Only Mycetarotes parallelus did not show 
differences in bacterial community composition among nests (Table 4, Figure 6).  
 
Discussion  
 Results show that the bacterial communities differed among forager workers of 
fungus-farming ants (Figure 7), indicating a host effect on these communities. On the other 
hand, the bacterial communities from internal (in the fungus garden) versus external ants did 
not differ within species (Mycetarotes parallelus, Mycetophylax morschi from the dune area) 
or differed only slightly (Mycocepurus smithii, Mycetophylax morschi from the restinga forest; 
Figure 7). Additionally, the composition of the bacterial community in the same species differed 
among nests (with exception of Mycetarotes parallelus), which shows that the bacterial 
community may be nest-specific (Figure 7). The diversity of bacterial communities can be 
accessed by the number of OTUs (richness) and Faith’s phylogenetic diversity index. Overall, 
we found differences in phylogenetic diversity among species and Sericomyrmex saussurei had 
the highest bacterial diversity.  
We showed that the five species of attine ants were predominantly associated with 
members of the phyla Actinobacteria and Proteobacteria. Aylward et al. (2012) also found that 
Proteobacteria were abundant in the fungus garden of Atta cephalotes and A. colombica, but 
Actinobacteria were recorded in small quantities. Proteobacteria were also abundant in other 
species of attine ants (Trachymyrmex zeteki Weber 1940, Cyphomyrmex longiscapus Weber 
1940 and Apterostigma dentigerum Wheeler 1925), in fungus-farming beetles (Dendroctonus 
ponderosae Hopkins 1902 and D. frontalis Zimmermann 1868) and in fungus-farming termites 
(Macrotermes natalensis Haviland 1898) (Aylward et al. 2014). Actinobacteria is a diverse 
group of bacteria and can be found in soil-dwelling insects, since this group is common and 
widespread in the soil (Goodfellow and Williams 1983). These microorganisms are known in 
attine ants because some of their representatives (e.g. genus Pseudonocardia) produce 
secondary metabolites with antibiotic activity, which protect the fungus garden against 
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pathogens (Currie 2001, Currie et al. 2003a, Currie et al. 2003b, Poulsen et al. 2010). In our 
study, the high association of Mycocepurus smithii, Mycetarotes parallelus, Mycetophylax 
morschi and S. saussurei with Actinobacteria (especially with Pseudonocardia in Mycocepurus 
smithii and Mycetarotes parallelus, and Actinomycetales in S. saussurei) suggests a defense of 
the fungus garden, which together with fungus grooming and other hygienic behavior observed 
in these species (M.U.V. Ronque unpublished data) could avoid pathogenic infection in the 
colony. Other OTUs were also abundant, as Klebsiella, Luteimonas, Chryseobacterium and 
Entomoplasmatales. Meirelles et al. (2016), for example, observed that Entomoplasmatales is 
abundant in moribund nests of leaf-cutter Atta texana Buckley 1860. However, it is difficult to 
predict the function of these microorganisms from their phylogenetic affiliation (Van Borm et 
al. 2002), once the same microorganism may be symbiont, parasite or comensal depending on 
the niche that it occupies in the host (Borm et al. 2002). Moreover, some bacteria may be 
transient from the environment, not performing a specific function in the host.  
Few OTUs were shared among the five species of fungus-farming ants, and most 
shared OTUs were not abundant. In addition, each species was dominated by specific OTUs. 
The microbiota is often host specific suggesting an ability by the host to control the associated 
bacterial community (Kellner et al. 2015, Mueletz-Wolz et al. 2017), which may be a 
mechanism to prevent colonization by pathogenic microorganisms (Dillon and Dillon 2004). 
Moreover, bacterial communities in attines could be shaped by commom behaviors displayed 
by these ants, like grooming and licking, which remove the unwanted bacteria from the cuticle 
of the ants and also from the fungus garden (Currie 2001, Fernández-Marín et al. 2009).  
Our species of fungus-farming ants presented different bacterial communities, 
indicating that species identity is an important factor shaping the associated microbiota.  Host-
microbial associations are influenced by processes such as environmental factors, diet and 
evolutionary history of the host, disease state, and host identity (Linnenbrink et al. 2013, Larsen 
et al. 2013, Council et al. 2016, Rebollar et al. 2016). Indeed, several studies have shown that 
the microbiome composition associated with an organism is shaped by interactions between 
host and microbiota, highlighting the importance of host identity in this relationship (Schimitt 
et al. 2012, Larsen et al. 2013, Bik et al. 2016, Council et al. 2016, Mueletz-Wolz et al. 2017). 
Our findings indicate that bacterial communities differ between host species even when these 
occur in the same area, suggesting that the ant identity, rather than local microorganism 
assemblages, drives the composition of associated bacterial communities. This pattern was also 
observed for Megalopta bees (McFrederick et al. 2014) and Camponotini ants (Ramalho et al. 
2017a, b). Furthermore, the environment outside the nest seems to have little influence on the 
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associated bacterial community of these ants, since the composition between internal ants and 
outside foragers did not differ within species (Mycetarotes parallelus, Mycetophylax morschi 
from the dune area) or differed slightly (Mycocepurus smithii, Mycetophylax morschi from the 
restinga forest), reinforcing the hypothesis of host specificity for these fungus-growers. Similar 
results were obtained in Kellner et al. (2015) for the attine ant Mycocepurus smithii, whose 
associated microbiota was distinct from the one in the soil adjacent to the nest.  
Despite the importance of host species identity in predicting the associated 
microbiota, environmental characteristics (e.g. temperature, salinity, pH) can influence the 
structure of bacterial communities associated with the host (Lokmer and Wegner 2015, Schmidt 
et al. 2015). Differences in bacterial communities and diversity associated with Mycetophylax 
morschi from the restinga forest compared to the dune area may be evidence of the influence 
of the environment on the microbiome composition in this species, since Mycetophylax morschi 
from the dune area is constantly under influence of the sea and salinity. The sampling of a larger 
number of nests of Mycetophylax morschi from the restinga forest and dune area, as well as 
detailed records of abiotic factors (e.g. temperature, humidity, salinity, pH), could clarify if 
interhabitat difference in the bacterial communities of this species is influenced by 
environmental characteristics or results from intracolonial variation, as detected in the restinga 
forest.   
In this study, the results also demonstrate that each nest of a species of fungus-
farming ant harbors a specific bacterial community, except for Mycetarotes parallelus. Ants 
are social insects that live in populous colonies of related individuals sharing the same space 
and food (Hölldobler and Wilson 1990), which favors the exchange of microorganisms among 
nestmates (Archie and Theis 2011). In other social insects, such as bumblebees and termites, 
the gut microbiota varies among colonies and suggests a colony-specific signature in bacterial 
communities (Minkley et al. 2006, Koch et al. 2012, Boucias et al. 2013). Hu et al. (2014) 
suggest that differences in bacterial communities between colonies of same ant species can be 
explained by the host genetic variability, which would lead to a colony-level natural selection 
of the microorganisms. In addition, the microbiome is related with group-specific odors, 
suggesting that the members of the same social group harbor similar odor-producing bacterial 
communities, which is argued to be important for within group recognition (e.g., termites, 
hyenas, and meerkats; see Minkley et al. 2006, Theis et al. 2012, Leclaire et al. 2017). Given 
that ants are eusocial insects with a high cohesion among colony members, it would be expected 
that the microbiome would also play an important role in the recognition among nestmates and 
could thus account for the specificity of the microbiota at the colony level in these attine species.  
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   In conclusion, our results show that host species was a strong predictor of the 
bacterial composition in the five species of fungus-farming ants, supporting host-specificity of 
the microbial communities. Also, we observed that in some cases the bacterial community 
composition was nest-specific, evidencing intraspecific variation of the microbiota in these 
attine ants. Our study discloses the richness and diversity of bacterial communities that live 
with fungus-farming ants and highlights the importance of describing these micro communities 
in order to better understand this host-microbial interaction. Additionally, our work can trigger 
the interest on the ecological and evolutionary processes that drive the success of these social 
insects in tropical environments, specifically on the function of bacteria in ant-fungal cultivar 
symbiosis, well-being of the colony, and also in recognition mechanisms among colony 
members.  
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Tables 
 
Table 1. Average number of bacterial OTUs per species, average Chao1 diversity index, and average 
Faith’s phylogenetic diversity index (± standard deviation; N= number of samples). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                   External Internal 
 OTUs Chao 1 Faith’s phylogenetic  OTUs Chao 1 
Faith’s 
phylogenetic  
      diversity     diversity 
Mycocepurus smithii 41.5 ± 20.1 (N = 21) 82.6 ± 42.6 6.23 ± 2.45 49.4 ± 23.1 (N = 20)  71.1 ± 40.2 7.49 ± 2.41 
Mycetarotes parallelus 61.1 ± 31.01 (N = 25) 87.02 ± 41.3 8.11 ± 3.53 73.5 ± 51.8 (N = 20)  86.8 ± 71.3 10.36 ± 4.00 
Mycetophylax morschi restinga 63.9 ± 16.09 (N= 15) 81.1 ± 19.2 6.66 ± 1.73 28.7 ± 23.2 (N = 17) 43.8 ± 28.9 3.86 ± 1.40 
Mycetophylax morschi dune 41.7 ± 9.1 (N = 12) 55.7 ± 17.2 5.67 ± 1.32 34.1 ± 9.3 (N = 11) 47.8 ± 16.2 4.95 ± 1.38 
S. parvulus 94.05 ± 81.2 (N = 19) 113.4 ± 87.8 10.29 ± 8.26 - - - 
S. saussurei 178.1 ± 134.3 (N = 25)  244.6 ± 148.1 16.08 ± 8.64 - - - 
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Table 2. Permutational multivariate analysis (PERMANOVA) of bacterial composition (a) 
among five species from which we sampled worker foragers external to the nest (note that we 
consider Mycetophylax morschi from restinga separate from dune); and (b) among species from 
which we sampled ants internal and external to the nest environment. Statistically significant 
results are shown in bold. 
 
 
 df SS MS Pseudo-F R2 P(perm) 
(a) All species (ants external to the nest)       
Species 5 23.517 4.703 18.575 0.455 0.001 
Residual 111 28.105 0.253  0.544  
Total 116 51.622     
Pair-wise tests F model R2 P (adjusted)    
Mycetophylax morschi restinga - Mycocepurus smithii 24.558 0.419 0.0015    
Mycetophylax morschi restinga - Mycetarotes parallelus 42.570 0.528 0.0015    
Mycetophylax morschi restinga - S. saussurei 13.296 0.259 0.0015    
Mycetophylax morschi restinga - S. parvulus 10.519 0.247 0.0015    
Mycocepurus smithii - Mycetarotes parallelus 47.394 0.518 0.0015    
Mycocepurus smithii - S. saussurei 16.057 0.267 0.0015    
Mycocepurus smithii - S. parvulus 12.317 0.244 0.0015    
Mycetarotes parallelus - S. saussurei 25.579 0.347 0.0015    
Mycetarotes parallelus - S. parvulus 20.465 0.327 0.0015    
S. saussurei - S. parvulus 4.517 0.097 0.0015    
Mycetophylax morschi restinga - M. morschi dune 14.246 0.362 0.0015    
Mycetophylax morschi dune - Mycocepurus smithii 24.567 0.442 0.0015    
Mycetophylax morschi dune - Mycetarotes parallelus 45.656 0.566 0.0015    
Mycetophylax morschi dune - S. saussurei 12.982 0.270 0.0015    
Mycetophylax morschi dune -  S. parvulus 10.319 0.262 0.0015    
(b) Species with internal and external samples       
Species 3 28.134 9.377 49.705 0.509 0.001 
Internal/External 1 1.391 1.391 7.374 0.02 0.001 
Residual 136 25.659 0.188  0.464  
Total 140 55.184     
Pair-wise tests F model R2 P (adjusted)    
Mycetophylax morschi ext - int (restinga) 8.942 0.229 0.002    
Mycetophylax morschi ext – int (dune) 2.072 0.089 1.000    
Mycocepurus smithii ext - int 9.960 0.203 0.002    
Mycetarotes parallelus ext - int 3.508 0.075 0.826    
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Table 3. Similarity percentage (SIMPER) analysis among internal and external communities 
of Mycocepurus smithii and Mycetophylax morschi (from restinga). 
 External Internal 
 OTU Cumulative 
contribution (%) 
OTU Cumulative 
contribution (%) 
Mycocepurus smithii Chryseobacterium 3 0.33 Pseudonocardia 2 0.61 
   Luteimonas 6 0.80 
     
Mycetophylax morschi 
restinga 
Intrasporangiaceae 10 0.41 Arthrobacter woluwensis 4 0.20 
 Chitinophagaceae 19 0.65 Pseudonocardia 13 0.31 
 Phyciococcus 21 0.72 Pseudonocardia 1 0.50 
    
Microbacterium 9 
 
0.59 
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Table 4. Permutational multivariate analysis (PERMANOVA) of bacterial composition 
between nests in each species. Statistically significant results are shown in bold.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 df SS MS Pseudo-F R2 P(perm) 
Mycocepurus smithii       
Nest 2 4.891 2.445 17.500 0.479 0.001 
Residuals 38 5.310 0.139    
Total 40 10.201     
Mycetarotes parallelus       
Nest 2 0.250 0.125 1.520 0.067 0.195 
Residuals 42 3.462 0.082    
Total 44 3.712     
Mycetophylax morschi       
Nest 2 4.356 2.178 13.250 0.477 0.001 
Residuals 29 4.767 0.164    
Total 31 9.123     
Sericomyrmex parvulus       
Nest 2 2.992 1.496 5.223 0.395 0.001 
Residuals 16 4.582 0.286    
Total 18 7.574     
Sericomyrmex saussurei       
Nest 3 3.208 1.069 3.906 0.358 0.001 
Residuals 21 5.748 0.273    
Total 24 8.956     
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Figure legends 
 
Figure 1. Composition of the associated microbiota at phylum level with ants inside (on the 
fungus garden) and outside (foragers) the nest of five species of fungus-farming ants from the 
Atlantic rainforest. All samples were rarefied at 2000 sequences per sample. Note that the most 
abundant bacterial phyla found in the five species was highlighted in the legend. 
 
Figure 2. Venn diagrams showing the number of bacterial OTUs which were either shared or 
exclusive among ants internal or external to the nest: Mycocepurus smithii (A), Mycetarotes 
parallelus (B), Mycetophylax morschi from the restinga forest (C) and Mycetophylax morschi 
from the dune area (D).  
 
Figure 3. Heatmap indicating the variation of the relative abundance of different bacteria in the 
five species of fungus-farming ants from which external foragers and internal ants (on the 
fungus garden) were sampled. The colors indicate the relative abundance in bacteria OTU, 
ranging from 0% (light yellow) to 100% (dark blue). Dendograms were generated with Bray-
Curtis distance matrices. For easy viewing we removed the OTUs with less than 5% of relative 
abundance.  
 
Figure 4. Faith’s phylogenetic diversity among: (A) the five species of fungus-farming ants 
from which ants external to the nest were sampled, and (B) the three species of fungus-farming 
ants from which external (white) and internal (dark grey) ants were sampled. Note that data for 
Mycetophylax morschi are presented separately for the restinga forest and the dune area.  
 
Figure 5. Two-dimensional plot of principal coordinates analysis (Bray-Curtis distance) 
showing differences in microbiota composition: (A) of five species of fungus-farming ants from 
which ants external to the nest were sampled, and (B) of three species of fungus-farming ants 
from which external and internal ants were sampled. Note that data for Mycetophylax morschi 
are presented separately for the restinga forest and the dune area in A and B. The samples were 
rariefied at 2000 reads. In B, triangles represent ants internal to the nest, and circles represent 
ants external to the nest.  
 
Figure 6. Two-dimensional plot of principal coordinates analysis (Bray-Curtis distance) 
showing differences in microbiota composition between nests in each species. The samples 
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were rarefied at 2000 reads. Each color represents one different nest. Only for Sericomyrmex 
saussurei were sampled four nests, the other species were sampled three.  
 
Figure 7. Schematic representation of the main results of bacterial communities associated with 
the five species of fungus-farming ants.  
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Supporting information 
 
Table S1. Number of samples and reads for the different subsets of data regarding the five 
species of fungus-farming ants. Here, we do not consider the controls.  
 No. of total samples 
(pre/postfiltering) 
No. of total reads 
(pre/postfiltering) 
 Prefiltering Postfiltering Prefiltering Postfiltering 
Mycocepurus smithii 46 41 2.804.669 2.800.783 
Mycetarotes parallelus 58 45 2.328.741 2.313.425 
Mycetophylax morschi 75 55 1.579.194 1.564.300 
Sericomyrmex parvulus 32 19 960.797 943.154 
Sericomyrmex saussurei 32 25 1.140.373 1.132.779 
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Table S2. Most abundant OTUs shared among the five species of ants from which ants external 
to the nest were sampled. 
 Mycocepurus 
smithii 
Mycetarotes 
parallelus 
Mycetophylax 
morschi 
Sericomyrmex 
parvulus 
Sericomyrmex 
saussurei 
Total 
Pseudonocardia 1 32 36904 451 27 47 37461 
Pseudonocardia 2 9179 48 112 92 56 9487 
Chryseobacterium 3 21580 38 45 16 91 21770 
Arthrobacter woluwensis 4 1315 14 4546 16 20 5911 
Actinomycetales 5 33 18 12 1614 13187 14864 
Luteimonas 6 2230 24 6 4 12 2276 
Aminobacter 7 2 10 4740 17 11 4780 
Entomoplasmatales 8 2 11 20 11888 44 11965 
Microbacterium 9 307 17 3505 11 26 3866 
Intrasporangiaceae 10 7 2 6975 14 18 7016 
Methylopila 11 6 9 4861 1 5 4882 
Acinetobacter 16 6 100 268 722 3307 4403 
Klebsiella 17 8 232 222 2522 1412 4396 
Acinetobacter 20 7 8 4 92 3069 3180 
Klebsiella 23 15 41 2 2096 110 2264 
Pseudomonas 25 12 9 6 44 1958 2029 
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Figure S1. Venn diagrams showing the total number of OTUs shared among the five species 
of ants from which ants external to the nest were sampled. 
 
 
Figure S2. Two-dimensional plot of principal coordinates analysis (UniFrac distance) showing 
differences in microbiota composition of five species of fungus-farming ants from which ants 
external to the nest were sampled. The samples were rarefied at 2000 reads. (PERMANOVA: 
F=6.64, r2=0.21, P=0.001). Note that we consider Mycetophylax morschi from restinga separate 
from the dune. 
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Figure S3. Two-dimensional plot of principal coordinates analysis (UniFrac distance) showing 
differences in microbiota composition of three species of fungus-farming ants from which ants 
external and internal to the nest were sampled. Note that we consider Mycetophylax morschi 
from restinga separate from the dune. The samples were rariefied at 2000 reads. Triangles 
represent ants internal to the nest and circles ants external to the nest. (PERMANOVA, species: 
F=8.609, r2=0.15, P=0.001; PERMANOVA internal/external: F=3.701, r2=0.02, P=0.001). 
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Abstract 
 
Social life favors the sharing and spreading of microorganisms among colony members. In 
social insects, some behaviors displayed inside the nest may influence the microbial 
communities associated with nestmates (e.g. grooming, nest hygiene, brood care). Fungus-
farming ants depend on the symbiosis with the fungus that they cultivate inside the nest to 
survive. The fungus and ants, however, are continuously exposed to microorganisms from the 
environment. To avoid the growth of pathogenic microorganisms, these ants evolved behavioral 
and physiological adaptations to maintain the fungus garden free of parasites and competitors. 
Here, we test the hypothesis that behaviors performed by workers inside the colony mediate the 
composition of associated bacterial communities. We used five species of fungus-farming ants 
as models for our study: Mycocepurus smithii, Mycetarotes parallelus, Mycetophylax morschi, 
Sericomyrmex parvulus and Sericomyrmex saussurei. We described the behavioral repertoire 
of these species and observed that behaviors associated with “fungus care”, “self-cleaning”, 
“locomotion”, and “inactivity” were the most executed ones. Lick fungus garden was the most 
frequent behavioral act among all species. We used 16S ribosomal RNA (16S rRNA) gene and 
PCR amplified from total DNA extracted from the ants to access the bacterial diversity 
associated with the ants. Through multivariate analyses, we correlated the behavioral categories 
with bacterial community composition. The behavioral categories “fungus care”, “interactions 
with dead workers”, “interactions between workers” and “brood care” explained the variation 
in bacterial composition in these ants. Our results provide evidence that bacterial communities 
associated with fungus-farming ants can be mediated by particular behaviors displayed by 
workers inside the colony, suggesting that these behaviors could shape the colony immunity, 
health, and spread of microorganisms.  
 
Key words: Social behavior, behavioral repertoire, bacteria, Attine ants, 16S rRNA 
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Introduction 
Social insects are an example of self-organized and complex systems, and their 
ecological success can be attributed to their mechanisms of communication and division of 
labor within the colony (Oster and Wilson 1978, Quevillon et al. 2015, Leonhardt et al. 2016). 
A main trait of division of labor is worker specialization in certain tasks (e.g. foraging, nest 
building, brood care), whereby groups of workers within the colony tend to do particular tasks 
more often than other groups, thus characterizing a social organization (Charbonneau and 
Dornhaus 2015). To understand the mechanisms of social organization it is important to 
compile the behavioral repertoire exhibited by workers, since the behavior at the individual 
level can influence the whole colony (Wilson 1976, Corbara et al. 1989). For instance, 
grooming behavior can directly affect disease control in colonies of ants, bees, and termites 
(Schmid-Hempel 1998, Traniello et al. 2002, Walker and Hughes 2009, Reber et al. 2011, 
Konrad et al. 2018).  
Social life favors the sharing and spreading of microorganisms among colony 
members since they live in the same environment, maintain constant physical contact, overlap 
of generations, and have same diet (Archie and Tung 2015). In ants, some behaviors displayed 
inside the nest may influence the microbial communities associated with nestmates, such as 
grooming, nest hygiene, trophallaxis, secretion of antibiotics, and management of waste and 
dead individuals (Oi and Pereira 1993, Hart and Ratnieks 2002, Reber et al. 2011, Pull et al. 
2018). For instance, sharing microorganisms can benefit the transmission of symbiotic gut 
bacteria via oral-rectal trophallaxis in the turtle ant Cephalotes rohweri Wheeler 1916 
(Formicidae: Myrmicinae), for whom these bacteria play an important role in nutrition (Lanan 
et al. 2016). Most of the research linking behavior and microorganisms, however, are related to 
the risk of disease. Because pathogens (e.g. bacteria, viruses, fungi) can easily spread in ant 
colonies, disease prevention can be crucial in these societies (Konrad et al. 2018). Ants have 
evolved sophisticated defense mechanisms against diseases, many of which are behavioral 
defenses such as the well-studied sanitary behavior (self-grooming and allogrooming), which 
removes pathogens from body surfaces and constitutes an important component of the social 
immunity of the colony (Cremer et al. 2007, Theis at al. 2015, Wong et al. 2015, Konrad et al. 
2018).  
 Fungus-farming ants (Formicidae, Myrmicinae, Attini, Attina; hereafter “attine 
ants”) are restricted to the New World (Schultz and Brady 2008, Ward et al. 2014). These ants 
depend on a symbiont fungus they cultivate inside the nest to obtain food for the whole colony 
and cannot survive outside this symbiosis (Hölldobler and Wilson 2011). The ants and the 
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fungus garden are continuously exposed to microorganisms (e.g. bacteria and fungi) from the 
environment and from the substrate used for fungiculture, which can benefit from the optimal 
growing conditions provided by the ants inside the nest (Currie 2001). To avoid the growth of 
microorganisms that can cause disease to the fungus, and consequently lead the colony to death, 
these ants evolved behavioral and physiological adaptations to maintain the fungus garden free 
of parasites and competitors (Currie 2001, Currie and Stuart 2001, Hughes et al. 2002, Walker 
and Hughes 2009).  
 Attine ants use collective defenses, including behaviors and antimicrobial 
substances, to control infection by allochthonous microorganisms to their bodies and the fungus 
garden. Behavioral defenses are very important and widespread in this ant group, protecting the 
fungus-growers against parasites through intensive self-grooming and allogrooming (Currie 
and Stuart 2001, Hughes et al. 2002, Richard and Errard 2009, Walker and Hughes 2009). 
Additionally, workers frequently lick and weed the fungus garden, suggesting that these 
behaviors physically remove the microorganisms present on the fungus surface (Currie 2001). 
Other behaviors, such as the removal of waste from the fungus garden by workers and 
aggressive behavior toward nestmates contaminated with garbage, help minimize the entry and 
development of potential pathogens in the nest and most especially in the fungus chamber (Hart 
and Ratnieks 2001, Richard and Errard 2009). To complement this defense system, fungus-
farming ants can also associate with bacteria (on the body surface and fungus garden) that 
produce antibiotic compounds that inhibit the growth of pathogens (Currie et al. 2003, Little 
and Currie 2007, Kost et al. 2007, Schultz and Brady 2008). 
  Although several studies have related specific behaviors with pathogen spread 
in ant colonies (Currie and Stuart 2001, Richard and Errard 2009, Reber et al. 2011, Theis et al. 
2015, Konrad et al. 2018), to date none have directly tested which behaviors are the main drivers 
of ant-associated bacterial communities. In this study, we used five species of fungus-farming 
ants to investigate the role of behavior in shaping their associated microbial communities. 
Attine ants and the cultivated fungus have a close relationship with microorganisms (Currie 
2001, Currie et al. 2003), and the ants have a diverse behavioral repertoire that could potentially 
mediate their microbiota. The following species were investigated: Mycocepurus smithii (Forel 
1893), Mycetarotes parallelus (Emery 1906), Mycetophylax morschi (Emery 1888), 
Sericomyrmex parvulus Forel 1912 and Sericomyrmex saussurei Emery 1894. We first describe 
the behavioral repertoire of each species and then investigate which types of behaviors 
potentially drive associated bacterial communities. We hypothesize that behaviors related to 
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fungus care, grooming, and interactions between individuals explain the bacterial composition 
attached to these ants.  
 
Materials and methods 
 
Colony collection and maintenance 
 Colonies of the five species of fungus-farming ants were collected in Atlantic 
rainforest at Parque Estadual Serra do Mar (Núcleo Picinguaba), Ubatuba municipality, São 
Paulo State, southeast Brazil. Nests of Mycocepurus smithii, Mycetarotes parallelus and 
Mycetophylax morschi were found at “restinga” forest (23°21’28.4”S, 44°51’00.7”W), and 
nests of S. parvulus and S. saussurei were found at lowland forest (23°21’52.1”S, 
44°49’28.5”W). All nests occurred in chambers excavated in the soil. We collected all 
individuals present inside each nest (workers, queens, brood and reproductives), and the fungus 
garden. The ants were brought to the laboratory and reared in artificial nests, which consisted 
of 3 acrylic boxes interconnected by plastic tubes (Figure 1a). The first box represented the 
foraging area (where the resources were offered for the colony), the second box contained the 
chamber of the fungus garden, and the third box included the refuse dump area. The boxes were 
transparent with glass lids to allow the behavioral observations. Hereafter, we will refer to these 
areas in the artificial nest as: foraging area, fungus chamber and refuse dump area.  
 Substrates for fungiculture were given to the colonies ad libitum (once a day), 
and consisted of oats, cornmeal, rice meal, insect frass and, pieces of fresh and dry roses. To 
keep humidity stable inside the fungus chamber, we used plaster on the chamber floor, and the 
colonies were humidified once in a week. Captive colonies were reared under controlled 
temperature and humidity (25° ± 2° C, ≈ 70 %, respectively), and photoperiod of 10 h light 
(between 8:00 to 18:00) vs. 14 h dark (18:00 to 8:00).  
To access the bacterial community associated with the study species, we sampled 
three nests of Mycocepurus smithii, Mycetarotes parallelus, Mycetophylax morschi, and 
Sericomyrmex parvulus, and four nests of S. saussurei. We collected approximately 20 workers 
from each nest. All material used for collecting ants were sterilized with ethanol 70% and flame 
to avoid sample contamination. Each ant was stored in separate sterile microcentrifuge vials in 
a -20°C freezer until analysis.  
To avoid ambiguity, the species Mycocepurus smithii, Mycetarotes parallelus, and 
Mycetophylax morschi will be referred to by their full binomial names, since their generic 
names have the same initial letters.  
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Behavioral observations 
 Behavioral data were gathered using one queenright colony of each species. We 
initially described all behavioral acts displayed by workers in 10 hours of observations for each 
species. Quantitative ethogram data were taken in separate intermittent sessions between 9:00 
and 17:00 h, totaling 30 hours of observation for each species. Ant behavior was sampled using 
the Scan Sampling Method (Altmann 1974). During each 1 hour session, the behavioral acts 
were recorded in successive 5 min scans. After a 5 min interval, a new scanning was made, and 
so on. Occasionally, if the queen was visible, her behavior was also recorded. 
 We grouped behavioral acts that were functionally related into behavioral 
categories (see Wilson 1976, Carlin 1981, Brandão 1983, Murakami and Higashi 1997).  We 
also calculated the relative frequencies of each behavioral act by dividing the number of times 
a particular act was observed by the total number of acts observed in each species (see Wilson 
1976).  
   
Molecular methods 
To access the bacterial community associated with the ants, we extracted Genomic 
DNA from whole ants using the Qiagen DNeasy Blood & Tissue kit following the 
manufacturer’s protocol with minor adjustments to increase DNA yield. Adjustments included 
do not macerate the ant before placing in AL buffer and incubating samples in 56 °C with 
proteinase K for only 2 hours. For the bacterial community profiling, we PCR-amplified the V4 
region of the bacterial 16S rRNA gene using a dual-index approach with barcoded-primers 
515F and 806R (Kozich et al. 2013). We made the PCR reactions in duplicates using conditions 
described in Bletz et al. (2013), but with Phire® Hot Start II DNA Polymerase (Finnzyme, 
Espoo, Finland). PCR products of each sample were combined, and samples were pooled 
together in approximately equal DNA concentrations and were purified with the DNA Gel 
Extraction Kit (Norgen Biotek Corp, Thorold, ON, Canada). The purified pool was sequenced 
with paired-end 250 on an Illumina MiSeq sequencer at TUCF genomics, Boston, MA, USA.  
 
Sequence analysis 
We processed the sequences and analyzed the data using the QIIME pipeline v1.9.1 
(Caporaso et al 2010a) on Mac OS X. The forward read sequences were quality filtered, 
trimmed to 150 nt, and demultiplexed. We used the Deblur workflow (Amir et al 2017) in 
QIIME to cluster reads and assigning OTUs using the Greengenes 13.8 reference database (May 
2013 release; http://greengenes.lbl.gov/cgi-bin/nph-index.cgi). OTUs comprising less than 5 
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reads in total were filtered out. Sequences were aligned with pynast (Caporaso et al 2010b) and 
the FastTree2 (Price et al. 2010) was used to build a phylogenetic tree of OTUs using QIIME 
standard procedures. We rarefied all samples to 2000 reads. After filtering, 185 samples 
remained for analyses out of 243. See Table S1 (Supporting information) for an overview of 
sample sizes and numbers of sequences for different subsets of data used in the analyses. We 
also numbered the OTUs that were different, but from the same genus (e.g. Pseudonocardia 1 
and Psedonocardia 2). 
 
Statistical analysis   
 All statistical analyzes were performed in R version 3.3.3 (R Core Team 2017). 
The heatmap were generated with packages gplots (function heatmap.2). For a better 
visualization of the relative frequencies of each behavioral act performed by the five species, 
we removed the behavioral acts with less than 1% of relative frequency. The dendograms that 
cluster the species were generated with Bray-Curtis distance matrices (vegan package, function 
vegdist).  
 We used principal component analyses (PCAs) to summarize the main 
behavioral differences among the ant species. We considered in the PCAs only the behavioral 
categories that might have direct relation with the bacterial community, excluding the 
categories “inactivity” and “other activities”. In this analysis we correlated the behavioral 
categories (as represented by the first two axes of the PCA) with the ant species, such that we 
could evaluate which behavioral categories may have mediated the bacterial composition 
associated with each species. To test the effects of our behavioral axes on bacterial composition 
associated with each species, we further performed a canonical correspondence analysis (CCA) 
on our Hellinger transformed OTU abundance matrix. In this analysis we considered only the 
OTUs with more than 1% of total abundance. The PCA was conducted with PCA function 
(FactoMineR package) and CCA was performed with vegan R-package.  
 
Data accessibility 
The sequences of the amplicon libraries were deposited NCBI short read database. 
Ant voucher specimens are deposited at the “Museu de Zoologia da Universidade Estadual de 
Campinas” (ZUEC, Campinas, Brazil; registration numbers 4236 to 4240). 
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Results 
 
General behavioral patterns 
The behavioral catalog and quantitative ethogram of the workers of Mycocepurus 
smithii, Mycetarotes parallelus, Mycetophylax morschi, Sericomyrmex parvulus, and S. 
saussurei is presented in table 1. Figure 2 illustrates the relative frequency of the main 
behavioral categories (i.e. functionally related acts) performed by each species. Overall, the 
behavioral category “fungus care” included the most common activities performed by the ants 
within the species, except for Mycetophylax morschi in which the behavioral category 
“locomotion” was the most performed. The relative frequency of different behavioral acts 
showed that the “lick fungus garden” is the most executed behavior by fungus-farming ants, 
comprising 18 to 25% of all acts performed (Table 1, Figure 3).  Other frequent behavioral acts 
among the five species were “self-grooming”, “walk in fungus chamber” and “stop in the 
fungus chamber” (Figure 3, Table 1). The dendrogram in Figure 3 clusters the species that were 
most similar to each other regarding the frequency of the behavioral acts performed. For 
instance, the behavioral acts with higher frequencies were similar between Mycocepurus smithii 
and Mycetarotes parallelus, the same occurred between S. parvulus and S. saussurei, and 
between Mycetophylax morschi and both Sericomyrmex species. 
Some behaviors called our attention. For instance, all species used a corner of the 
fungus garden chamber as a first place to deposit the refuse dump (Figure 1a), workers of 
Mycetarotes parallelus and Mycetophylax morschi actively put tufts of fungal mycelia over the 
larvae (Figure 1b, c), and Sericomyrmex parvulus and S. saussurei fragmented into small pieces 
the fungiculture substrate before inserting them into the fungus garden (Figure 1d).  
We also observed a division of labor in relation to activities related to foraging and 
interaction with refuse dump in the five species. (1) Foraging: a worker seized an item for 
fungiculture in the foraging area, carried it to the fungus garden chamber, and left it at the 
chamber’s entrance. Another worker came and removed the item, depositing it on the fungus 
garden. On another occasion, a worker was seen grabbing an item for fungiculture in the 
foraging area, and then depositing it directly on the fungus garden. (2) Refuse dump care: a 
worker removed a fragment of the fungus garden (old fungus) and deposited it in the corner of 
the fungus chamber. Another worker took the fungus fragment and carried it to the refuse dump 
area. Self-grooming behavior was frequently observed in individual workers immediately after 
they stack material on the refuse dump or incorporate culturing substrate on the fungus garden. 
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Ant behavior and bacterial communities  
 We characterized the differences in behavioral categories among the five species 
of fungus-farming ants with the first two axes of a PCA (Figure 4). The first axis was positively 
loaded by the behavioral categories of “fungus care” and “interactions with dead workers” 
(Table 2). The second axis of PCA was positively loaded by “interactions between workers” 
and “brood care”. “Fungus care” (r = 0.965, p = 0.007) and “interactions with dead workers” (r 
= 0.888, p = 0.043) were positively correlated with the first axis. “Interactions between 
workers” (r = 0.987, p = 0.001) and “brood care” (r = 0.893, p = 0.041) were positively 
correlated with the second axis. The graphic representation of the two principal components 
(Figure 4) also shows that Sericomyrmex parvulus and S. saussurei were positively associated 
with the first axis, whereas Mycetarotes parallelus, Mycetophylax morschi, and Sericomyrmex 
parvulus were positively associated with the second axis. 
 We examined whether our behavioral axes were directly related with the 
bacterial composition associated with the five species of fungus-farming ants (Figure 5). The 
first behavioral axis (loaded by “fungus care” and “interactions with dead workers”) explained 
the variation in bacterial composition (Permutational ANOVA on CCA, F1,159 = 20.271, p = 
0.001) in Sericomyrmex parvulus and S. saussurei, separating the OTUs Klebsiella 17, 
Acinetobacter 16, Entomoplasmatales 8, Actinomycetales 5 and Acinetobacter 20 (Figure5). 
The second axis (related to “interactions between workers” and “brood care”) explained the 
variation in bacterial composition (F1,159 = 18.338, p = 0.001) in Mycetarotes parallelus, 
Mycetophylax morschi and Sericomyrmex parvulus, separating the OTUs Pseudonocardia 1, 
Arthrobacter woluwensis 4, Microbacterium 9, Intrasporangiaceae 10, Pseudonocardia 13, 
RsaHF231 14, Chitinophagaceae 19 and Phycicoccus 21 (Figure 5). 
 
Discussion  
Our results show that Mycocepurus smithii, Mycetarotes parallelus, Mycetophylax 
morschi, Sericomyrmex parvulus, and S. saussurei have large behavioral repertoires and that 
behaviors associated with “fungus care”, “self-cleaning”, “locomotion” and “inactivity” are the 
most frequent ones. Overall, we demonstrated for the first time that the microbial communities 
associated with fungus-farming ants can be predicted by some behavioral traits, mainly those 
behaviors related to “interactions between workers”, “fungus care”, “brood care” and 
“interactions with dead workers” 
Inactivity was prominent in the five species studied. Despite the inactivity being 
widespread in insects and ants, little is known about this behavior (Breed 2015, Charbonneau 
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and Dornhaus 2015, Charbonneau et al. 2015). Is suggested that this behavior could be related 
to age, where young workers remain inactivity due to inexperience and/or old workers due to 
senescence (Corbara et al. 1989, Klein et al. 2008). Another hypothesis is that inactivity is a 
physiological need for rest (Klein et al. 2010). Or as demonstrated by Hasegawa et al. (2016), 
the inactive workers have the function of replacing active workers when they become fatigued.  
With exception of the category “inactivity” and “others”, all other categories are 
directly related with removal of possible infectious agents to the colony, or with active 
exchange of microorganisms between individuals or fungus garden. For instance, the observed 
division of labor of foraging and refuse dump care could be a mechanism to avoid the 
establishment of micoorganisms inside the colony. Reber et al. (2011) suggested that regular 
allogrooming of ant workers that return to nest after a foraging trip could remove environmental 
microorganisms associated and avoid spread them inside the colony. As observed in our study, 
Morelos Juárez et al. (2010) report that workers of the fungus-grower Acromyrmex 
subterraneus molestans Forel 1893 engage in active self-grooming before entering the nest 
chamber, specifically before they have direct contact with the fungus garden and brood.  
The CCA analysis showed that “fungus care”, “interactions with dead workers”, 
“interactions between workers” and “brood care” explained the variation in bacterial 
composition. The PC1 axis, represented by fungus care and interactions with dead workers, 
influenced the bacterial community in Sericomyrmex parvulus and S. saussurei. We observed 
that lick the fungus garden was the behavioral act most performed by both Sericomyrmex 
species in the category of fungus care. Lick the fungus garden confers protection for the fungus 
against microorganisms and constitute the main physical defense employed by fungus-farming 
workers (Currie 2001, Currie and Stuart 2001). Currie and Stuart (2001) demonstrated that in 
the presence of pathogenic microorganisms, workers of Atta colombica Guérin-Méneville 1844 
lick and remove fragments of the fungus at higher frequency indicating that the fungus-garden 
is primarily protected by physical removal. Similarly, the management of dead workers outside 
the fungus garden chamber could avoid the growth and spread of pathogens inside the colony 
of S. parvulus and S. saussurei.  
Our results also show that “interactions between workers” and “brood care” 
explained the variation in bacterial composition in Mycetarotes parallelus, Mycetophylax 
morschi and S. parvulus. Allogrooming was the most performed behavioral act included in the 
category of “interaction between workers”. Overall, grooming (self-grooming and 
allogrooming) is also important to decrease infection by pathogenic microorganisms associated 
with body surfaces in fungus-growers, likely reducing the possibility of spread disease inside 
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the colony (Hughes et al. 2002, Richard and Errard 2009). However, allogroomig represents a 
trade-off between protection and exposure to pathogens in ant societies. The protection against 
disease is conferred to the individual that receives the allogrooming. On the other hand, the 
individual who practices the allogrooming is subject to be infected by pathogens from nestmates 
(Fefferman et al. 2007, Theis et al. 2015). Moreover, the act of grooming is fundamental for 
maintaining the odor of the colony through the transfer of substances between workers, and this 
homogenization of the colony odor is important in nestmate recognition, as shown in the 
fungus-grower Acromyrmex subterraneus brunneus Forel 1912 (Meskali et al. 1995, Boulay et 
al 2004, Camargo et al. 2006).  
An interesting behavior associated with “brood care” was the active cover of larvae 
with tufts of fungal mycelia by workers of Mycetarotes parallelus and Mycetophylax morschi. 
This behavior could suppress pathogenic microorganisms from the brood (Lopes et al. 2005, 
Mueller et al. 2010, Armitage et al. 2012). This hypothesis was demonstrated by Armitage et 
al. (2016) for Acromyrmex echinatior Forel 1899, in which infected pupae with fungal cover 
had higher survival rates than infected pupae without the cover. Similarly, “lick brood” could 
also remove the microorganisms and increase the survival (Ugelvig et al. 2010, Tragust et al. 
2013). In general, other behaviors in the category “interaction between workers” (e.g. 
trophallaxis and lick gaster) and “brood care” (e.g. lick brood) are known to favor the sharing 
of bacteria among workers and brood (Lanan et al. 2016). 
In contrast with pathogenic microorganisms that can benefit from the nest’s optimal 
conditions to develop and spread inside fungus-grower colonies, these ants have associations 
with several bacteria that produce antibiotic compounds (e.g. Pseudonocardia, Streptomyces, 
Burkholderia) that help to protect the ants and their fungus-garden (Santos et al. 2004, Kost et 
al. 2007, Mueller et al. 2008, Cafaro et al. 2011). Since behaviors such as trophallaxis, 
grooming, brood and fungus care could favor the exchange of bacteria between nestmates and 
fungus (Fefferman et al. 2007, Theis et al. 2015, Lanan et al. 2016), we suggest that antibiotic-
producing bacteria could also be transferred between individuals in the colony and confer 
greater protection. In our study, we observed that some behaviors explained the presence of 
OTUs that could be related to antibiotic production in fungus-farming ants (e.g. 
Pseudonocardia 13 and Actinomycetales 5). Therefore, behaviors performed by workers that 
spread antibiotic-producing bacteria among nestmates may promote sanitary conditions within 
the colony.  
 Our results provide evidence that bacterial communities associated with fungus-
farming ants can be mediated by behaviors displayed by workers inside the colony. In the last 
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decade, some of the most surprising discoveries involve the link of how social behavior can 
affect the microbiome and vice-versa (Archie and Theis 2011, Ezenwa et al. 2012, Archie and 
Tung 2015). These kinds of studies require a combination of molecular and experimental 
approaches to know which microbial species are associated and to identify which behaviors 
shape the microbiome (Ezenwa et al. 2012). Our work highlights the importance the interplay 
between behavior and bacterial communities in fungus-farming ants, adding to our knowledge 
about multitrophic symbiosis between attine ants, fungus garden, parasites, and associated 
microorganisms. Using molecular and behavioral approaches, our study paves the way to 
understand how particular behaviors could shape colony immunity and spread of 
microorganisms (pathogens or antibiotic-producing bacteria) in attine ants, and in other social 
animals as well. 
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Tables 
 
Table 1. Behavioral repertoire of five species of fungus-farming ants: Mycocepurus smithii, Mycetarotes parallelus, 
Mycetophylax morshi, Sericomyrmex parvulus, and Sericomyrmex saussurei. Functionally related behavioral acts are 
grouped in main behavioral categories. Data are presented in absolute values followed by the relative frequency (%) in 
parentheses. Hyphen (-) indicates that the behavioral act was not observed. N = number of individuals in the colony.  
Behavioral categories Behavioral acts 
Mycocepurus 
smithii 
 (N = 179) 
Mycetarotes 
parallelus 
 (N = 172) 
Mycetophylax 
morschi 
 (N = 319) 
Sericomyrmex 
parvulusa 
 (N = 580) 
Sericomyrmex 
saussurei  
(N = 1102) 
Self-cleaning        
 Self-grooming 437 (7.73) 602 (7.79) 617 (7.80) 1101 (10.17) 955 (9.02) 
 Lick own gaster 70 (1.24) 150 (1.94) 35 (0.44) 292 (2.70) 137 (1.29) 
(Total score in the category)  507 (8.97) 752 (9.73) 652 (8.24) 1393 (12.87) 1092 (10.31) 
Interactions between workers       
 Allogrooming 155 (2.74) 237 (3.07) 277 (3.50) 321 (2.97) 232 (2.19) 
 Antennate 144 (2.55) 143 (1.85) 153 (1.93) 108 (1.00) 138 (1.30) 
 Trofalaxis 99 (1.75) 169 (2.19) 90 (1.14) 84 (0.78) 67 (0.63) 
 Lick gaster 36 (0.64) 17 (0.22) 35 (0.44) 34 (0.31) - 
 Carry worker 6 (0.11) - - - - 
 Bite worker 3 (0.05) - - - - 
 Stop over worker - - 3 (0.04) - - 
 Pass foraging substrate to another worker - - - 5 (0.05) 23 (0.22) 
 Pass fragment of fungus to another worker - - - - 5 (0.05) 
(Total score in the category)  443 (7.84) 566 (7.33) 558 (7.05) 552 (5.11) 465 (4.39) 
Interactions with reprodutives       
 Lick alate female - 99 (1.28) 8 (0.10) - 54 (0.51) 
 Antennate alate female - 51 (0.66) - - 18 (0.17) 
 Trofalaxis with alate female - 15 (0.19) - - - 
 Lick male - - 8 (0.10) - - 
 Lick queen - - 3 (0.04) - 2 (0.02) 
 Antennate queen 6 (0.11) - - - 6 (0.06) 
(Total score in the category)  6 (0.11) 165 (2.13) 19 (0.24) - 80 (0.76) 
Brood care (eggs, larvae and pupae)       
 Carry, manipulate or take brood 21 (0.37) 69 (0.89) 112 (1.42) 39 (0.36) 40 (0.38) 
 Antennate brood 6 (0.11) 42 (0.54) 14 (0.18) 26 (0.24) - 
 Lick brood 7 (0.12) 92 (1.19) 108 (1.36) 83 (0.77) - 
 Stop over brood - - 9 (0.11) 10 (0.09) - 
 Insertion of fungus fragment on larvae - 6 (0.08) 9 (0.11) - - 
(Total score in the category)  34 (0.6) 209 (2.70) 252 (3.18) 158 (1.46) 40 (0.38) 
Fungus care       
 Antennate fungus garden 27 (0.48) 43 (0.56) - 18 (0.17) 20 (0.19) 
 Lick fungus garden 1027 (18.16) 1326 (17.16) 1993 (25.19) 2658 (24.55) 2492 (23.54) 
 Carry, manipulate or take fragment of fungus 102 (1.80) 57 (0.74) 69 (0.87) 143 (1.32) 223 (2.10) 
 Remove fragment of fungus  25 (0.44) 3 (0.04) 44 (0.56) 3 (0.03) 15 (0.14) 
 Incorporate substrate into fungus garden 49 (0.87) 130 (1.68) 19 (0.24) 140 (1.29) 99 (0.94) 
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 Lick substrate incorporate into fungus garden 43 (0.76) 420 (5.43) 202 (2.55) 60 (0.55) 240 (2.27) 
 Shred pieces of fungus  - - - 344 (3.18) 349 (3.30) 
(Total score in the category)  1273 (22.51) 1979 (25.61) 2327 (29.41) 3366 (31.09) 3438 (32.48) 
Foraging       
 Lick substrate 16 (0.28) 7 (0.09) 11 (0.14) 409 (3.78) 89 (0.84) 
 Carry, manipulate or take substrate 348 (6.15) 969 (12.54) 93 (1.18) 377 (3.48) 258 (2.44) 
 Shred substrate - - - 66 (0.61) 172 (1.62) 
 Antenate substrate 42 (0.74) 21 (0.27) 32 (0.40) 30 (0.28) 26 (0.25) 
(Total score in the category)  406 (7.17) 997 (12.90) 136 (1.72) 882 (8.15) 545 (5.15) 
Locomotion       
 Walk over fungus garden 272 (4.81) 391 (5.06) 126 (1.59) 220 (2.03) 307 (2.90) 
 Walk over foraging substrate 28 (0.50) 21 (0.27) 69 (0.87) 35 (0.32) 56 (0.53) 
 Walk in the connector tube 145 (2.56) 81 (1.05) 190 (2.40) 92 (0.85) 166 (1.57) 
 Walk in the fungus chamber 484 (8.56) 785 (10.16) 1569 (19.83) 1667 (15.40) 1344 (12.69) 
 Walk in the foraging area 210 (3.71) 494 (6.39) 327 (4.13) 211 (1.95) 288 (2.72) 
 Walk in the refuse dump area 67 (1.18) 33 (0.43) 98 (1.24) 115 (1.06) 254 (2.40) 
 Walk over refuse dump - - - 13 (0.12) 61 (0.58) 
(Total score in the category)  1206 (21.32) 1805 (23.36) 2379 (30.06) 2353 (21.73) 2476 (23.39) 
Interactions with refuse dump       
 Carry, manipulate or take refuse material  73 (1.29) 62 (0.80) 171 (2.16) 273 (2.52) 219 (2.07) 
 Antennate refuse material - - - 28 (0.26) 11 (0.10) 
 Shred refuse material - 216 (2.79) - - - 
 Put material in the refuse dump 41 (0.72) - 76 (0.96) 30 (0.28) 23 (0.22) 
 
Carry, manipulate or take refuse material from 
fungus garden chamber - - - - 476 (4.50) 
 
Put material in refuse dump from fungus garden 
chamber 124 (2.19) 79 (1.02) 53 (0.67) - 42 (0.40) 
(Total score in the category)  238 (4.20) 357 (4.61) 300 (3.79) 331 (3.06) 771 (7.29) 
Interactions with dead workers       
 Lick dead ant - - 7 (0.09) 20 (0.18) 47 (0.44) 
 Antennate dead ant 13 (0.23) 2 (0.03) 16 (0.20) 40 (0.37) 28 (0.26) 
 Carry, manipulate or take dead ant 42 (0.74) 1 (0.01) 42 (0.53) 57 (0.53) 161 (1.52) 
 Put dead in refuse dump - - - - 5 (0.05) 
 Shred dead ant - - - - 9 (0.09) 
(Total score in the category)  55 (0.97) 3 (0.04) 65 (0.82) 117 (1.08) 250 (2.36) 
Inactivity       
 Stop in the fungus chamber 1334 (23.59) 749 (9.69) 1081 (13.66) 1393 (12.87) 905 (8.55) 
 Stop in the foraging area 16 (0.28) 41 (0.53) 10 (0.13) 44 (0.41) 97 (0.92) 
 Stop in the refuse dump area - - 6 (0.08) 38 (0.35) 116 (1.10) 
 Stop in the connector tube - - - 7 (0.06) 25 (0.24) 
 Stop over fungus garden 32 (0.57) 6 (0.08) 54 (0.68) 35 (0.32) 63 (0.60) 
 Stop over foraging substrate - - - 46 (0.42) 37 (0.35) 
(Total score in the category)  1382 (24.44) 796 (10.30) 1151 (14.55) 1563 (14.43) 1243 (11.41) 
Other activities       
 Stop shaking the body - - 35 (0.44) - - 
 Carry, manipulate or take undetermined material 66 (1.17) 51 (0.66) 19 (0.24) 50 (0.46) 102 (0.96) 
 Lick plaster 40 (0.71) 15 (0.19) 20 (0.25) 30 (0.28) 23 (0.22) 
 Bite plaster - - - 30 (0.28) 63 (0.60) 
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  Lick nest walls - 34 (0.44) - - - 
(Total score in the category)  106 (1.88) 100 (1.29) 74 (0.93) 110 (1.02) 188 (1.78) 
Total number of performed acts  5656 7729 7913 10825 10588 
Total of described acts  37 39 42 44 49 
Total of categories   11 11 11 10 11 
 
a The colony of this species had no reproductives. 
 
 
Table 2. Summary of the principal component analysis of the main behavioural categories 
observed in the fungus-farming ants Mycocepurus smithii, Mycetarotes parallelus, 
Mycetophylax morshi, Sericomyrmex parvulus, and Sericomyremex saussurei. Values 
correspond to loadings of behavioural categories on the first two axes with eigenvalues >1.0. 
Behavioural categories that significantly correlate with each axis are shown in bold.  
  PC1 PC2 
Self-cleaning 0.427 0.172 
Interactions between workers -0.020 0.603 
Interactions with reproductives 0.002 0.226 
Brood care -0.115 0.545 
Fungus care 0.492 0.128 
Foraging 0.099 0.289 
Locomotion 0.411 0.241 
Interactions with refuse dump 0.420 -0.160 
Interactions with dead workers  0.453 -0.270 
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Figure legends 
 
Figure 1. (a) Structure of the artificial nest used for behavioral observations in the laboratory. 
The nest had three distinct areas: (1) foraging area, (2) fungus garden chamber, and (3) refuse 
dump area. The red arrow indicates the refuse dump deposited it in the corner of the fungus 
chamber. (b) Mycetophylax morschi taking care of the brood. The black arrow indicates the 
tufts of fungal mycelia over the larvae. (c) Fungus garden of Mycocepurus smithii with brood. 
Note that the larvae are not covered with tufts of fungal mycelia. (d) Fungus garden of 
Sericomyrmex parvulus with rose petals fragmented into small pieces (black arrows).    
 
Figure 2. Relative frequency of main behavioral categories performed by colonies of fungus-
farming ants, Mycocepurus smithii, Mycetarotes parallelus, Mycetophylax morschi, 
Sericomyrmex parvulus, and Sericomyrmex saussurei.  
 
Figure 3. Heatmap indicating the variation of the relative frequency of behavioral acts 
performed by colonies of fungus-farming ants Mycocepurus smithii, Mycetarotes parallelus, 
Mycetophylax morschi, Sericomyrmex parvulus, and Sericomyrmex saussurei. The colors 
indicate the relative frequency of the behavioral acts performed, ranging from 0% (grey) to 40% 
(dark blue). Dendograms were generated with Bray-Curtis distance matrices. Behavioral acts 
with relative frequency < 1% were not considered.  
 
Figure 4. Principal Component Analysis (PCA) summarizing the correlations between nine 
main behavioral categories performed in colonies of fungus-farming ants, Mycocepurus smithii, 
Mycetarotes parallelus, Mycetophylax morschi, Sericomyrmex parvulus, and Sericomyrmex 
saussurei. 
 
Figure 5. Canonical Correspondence Analysis (CCA) of the bacterial communities in relation 
to the two PCA axes of the main behavioral categories performed in colonies of fungus-farming 
ants, Mycocepurus smithii, Mycetarotes parallelus, Mycetophylax morschi, Sericomyrmex 
parvulus, and Sericomyrmex saussurei. 
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Supporting information 
 
Table S1. Number of samples and reads for the different subsets of data regarding the five 
species of fungus-farming ants. Here, we not consider the controls.  
 No. of total samples 
(pre/postfiltering) 
No. of total reads 
(pre/postfiltering) 
 Prefiltering Postfiltering Prefiltering Postfiltering 
Mycocepurus smithii 46 41 2.804.669 2.800.783 
Mycetarotes parallelus 58 45 2.328.741 2.313.425 
Mycetophylax morschi 75 55 1.579.194 1.564.300 
Sericomyrmex parvulus 32 19 960.797 943.154 
Sericomyrmex saussurei 32 25 1.140.373 1.132.779 
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CONSIDERAÇÕES FINAIS 
 
Diversos aspectos da biologia de formigas cultivadoras de fungo foram apresentados 
nessa tese, como a história natural em campo, o conhecimento das bactérias que estão 
associadas a essas formigas, bem como os comportamentos desempenhados pelas operárias no 
interior da colônia e sua relação com as bactérias associadas. É possível evidenciar alguns 
pontos importantes sobre as cinco espécies de formigas atíneas estudadas da Mata Atlântica 
(Mycocepurus smithii, Mycetarotes parallelus, Mycetophylax morschi, Sericomyrmex parvulus 
e S. saussurei): 
 1. Essas espécies apresentam ninhos pouco profundos no solo, em geral, com poucas 
câmaras (1 ou 2 câmaras). Algumas dessas espécies podem apresentar mais de uma rainha e as 
colônias são de tamanho pequeno a médio (entre 50 a 1000 operárias). As operárias forrageiam 
perto de seus ninhos solitariamente ou em grupos pequenos e coletam principalmente fezes de 
insetos e material vegetal para cultivar o fungo simbionte (Capítulo 1). 
2. Pela primeira vez foi descrito o comportamento de cleptobiose em formigas 
cultivadoras de fungo, sendo observado que Mycetarotes parallelus rouba itens (fezes de inseto) 
para a fungicultura diretamente das mandíbulas de operárias de Mycetophylax morschi, quando 
estas retornam ao ninho (Capítulo 2).  
3. As cinco espécies apresentam comunidades bacterianas distintas entre si e entre 
ninhos de uma mesma espécie. Além disso, ocorre pouca diferença entre a composição da 
comunidade bacteriana entre formigas forrageadoras e internas ao ninho. Foi demonstrado que 
as comunidades bacterianas nas espécies de formigas estudadas são específicas para diferentes 
hospedeiras, além de evidenciar uma variação intra e interespecífica (Capítulo 3). 
4. Comportamentos relacionados ao “cuidado do fungo”, “auto-limpeza”, “locomoção” 
e “inatividade” foram os mais frequentemente desempenhados no interior das colônias das 
atíneas estudadas. Foi demonstrado que comportamentos relacionados com “interações entre 
operárias”, “cuidado à prole”, “cuidado ao fungo” e “interações entre mortas” explicaram a 
variação da composição da comunidade de bactérias associadas a essas formigas (Capítulo 4).   
 
Esse estudo ilustra como o conhecimento dos aspectos biológicos básicos sobre uma 
espécie leva a questionamentos mais aprofundados. O conhecimento do que essas formigas 
fazem no seu ambiente natural nos levou a questionar como seriam os comportamentos sociais 
no interior das colônias. O conhecimento do que elas fazem nas colônias e das bactérias 
associadas nos levaram a questionar se comportamentos sociais influenciam na comunidade 
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bacteriana. Nosso estudo, portanto, tem uma abordagem múltipla, envolvendo observações em 
campo, laboratório e ferramentas moleculares. Em uma abordagem em maior escala buscamos 
entender como as formigas se relacionam com o seu fungo simbionte e entre si e em uma 
abordagem em menor escala como essas formigas se relacionam com suas bactérias associadas.  
Os resultados dessa tese abrem perspectivas para novas questões sobre as formigas 
cultivadoras de fungo, bem como para formigas em geral. Diante dos dados apresentados, 
considero quatro linhas principais para futuros estudos: (1) comportamento social e ecologia 
microbiana: como comportamentos modulam a microbiota associada em formigas e vice-
versa?; (2) forrageamento e microbiota: como o material coletado para cultivo do fungo 
simbionte influencia a comunidade de bactérias associadas?; (3) comportamento e imunidade 
social: como comportamentos de higiene afetam respostas em atíneas às doenças e qual o 
impacto na simbiose com o fungo?; e (4) ecologia microbiana em formigas: entender como o 
hospedeiro, fatores ambientais e espacial influenciam nas comunidades de bactérias em 
formigas.  
Numa perspectiva mais ampla, o presente estudo contribui para um melhor 
entendimento do papel das formigas cultivadoras de fungo na Mata Atlântica, além de fornecer 
subsídios para um melhor entendimento da simbiose multitrófica entre formigas atíneas, fungo 
simbionte e microrganismos associados. 
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